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Summary

This contract proposal has been targeted toward development, in
an experimental model of arenavirus infection, a strategy
appropriate to direct development of vaccines to human
arenaviruses of clinical importance. We have explored and
developed several approaches, including recombinant LCMV proteins
expressed in vaccinia and baculovirus vectors, anti-idiotypic
vaccines, and most recently, passive humoral protection employing
monoclonal antibodies. The latter strategy has proven very
effective, not only in the short term goal of achieving
protection against acute and persistent LCMV infection, but
judicious use of these monoclonals has defined epitopes on GP-l
which should serve as important targets for active immunization.
Most important is the fundamental observation that a preexisting
antibody titer to GP-l epitopes virtually guarantees resistance
to lethal challenge infection. Thus the long-term goal of
derivation of useful information to target specific structural
determinants of LCMV for vaccine development has been achieved.

We would like to thank the Department of Defense for support of
this effort and to thank Drs. Peter Jahrling, Joel Dalrymple, Tom
Monath, Connie Schmaljohn and C. J. Peters for valuable
collaborative and intellectual input into this project.
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FOREWORD

In conducting research using animals, the
investigator(s) adhered to the "Guide for the Care and
Use of Laboratory Animals," prepared by the Committee
on Care and Use of Laboratory Animals of the Institute
of Laboratory Animal Resources, National Research
Council (NIH Publication No. 86-23, Revised 1985).

Citations of commercial organizations and trade
names in this report do not constitute an official
Department of the Army endorsement or approval of the
products or services of these organizations.

The investigators have abided by the National
Institutes of Health Guidelines for Research Involving
Recombinant DNA Molecules (April 1982) and the
Administrative Practives Supple7nits.
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Summary Progress Report

A. Introduction and Overview

The results described in the following summary progress report
cover the five and one-half year term of this contract, 1 Aug
1986 through 29 Feb 1992 inclusive. During this time we have
made substantial progress toward defining a strategy applicable
to protective vaccination and immunotherapy of arenavirus
infections in man. Moreover, we have defined posttranslational
events in the arenavirus life cycle which are important
considerations in vaccine development, and early events involved
in viral entry which may prove useful targets for immuno- or
pharmacological intervention. Finally, research funded by this
contract has facilitated development of a working model of the
structure of the viral spike which will guide future efforts to
develop effective immunogens. One goal described in the original
proposal proved inaccessible as the contract was structured. It
was originally proposed to grow and purify viral RNA for Lassa
and Mozambique viruses at USAMRIID and transport them to La Jolla
for cloning and sequencing. Three trips to USAMRIID were made by
Drs. Southern, Fazakerley, and myself, but none of these trips
were productive for reasons beyond our control. As the efforts
of Dr. Peter Jahrling were redirected toward SIV and Ebola
research, by mutual agreement and consultation with Dr. Peters
and Dr. Jahrling it was decided to focus on other goals. Despite
this setback the project has been extraordinarily successful,
resulting in 23 published articles.

Research highlights will be described in the summary progress
report, and the reader is referred to the published articles or
manuscripts for detailed description of the experimental design
and results. These papers are listed in Appendix I and for
convenience copies of each have been supplied with the report.
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B. Molecular cloin 9,t LCMV An2A Qomparison with other
arenaviruses

We have completed and extended our nucleotide sequencing studies
of the genomic S RNA from lymphocytic choriomeningitis virus
(Armstrong strain). Coding regions within the S RNA were
identified using the synthetic peptide approach and we have
generated several computer comparisons between the predicted
amino acid sequences for the LCMV structural proteins and other
arenavirus structural proteins (Southern et al., 1987; Southern
and Bishop, 1987). Conserved and divergent regions can be
readily identified; the extent of conservation is significantly
higher in GP-2 than in GP-l for the sequences currently available
(Pichinde, Lassa, LCM WE, LCM Arm).

We have now identified several cDNA clones from the genomic L RNA
segment of LCMV. Currently, the clone nucleotide sequence
information covers about 4 kb, representing approximately 50% of
the L segment. We have predicted parts of the amino acid
sequence for L-encoded proteins and have synthesized short
peptides corresponding to these potential viral proteins. Anti-
peptide antibodies have then been used in Western blotting
experiments to identify a high molecular L protein that is
present both in purified virions and intracellular viral RNP
complexes (Singh et al., 1987). The anti-peptide antibodies have
provided the first mono-specific reagents to study the
distribution of L proteins during infection.

In order to understand the molecular events associated with the
progression from acute to persistent arenavirus infection, we
have studied the temporal relationship of LCMV replication and
transcription during acute infection. At early times, NP mRNA
and progeny genomic sense RNAs begin to accumulate
simultaneously; the GP mRNA accumulates more slowly within the
cells (Fuller-Pace and Southern, 1988). In other experiments, we
have established an in vitro assay for the viral RNA-dependent
RNA polymerase activity. We anticipate combining all of this
information to allow systematic comparisons of intracellular
RNAs, proteins and polymerase activities in acute and persistent
infection to explore the molecular basis of persistent arenavirus
infection.

During our visit to Ft. Detrick in June 1987, Drs. Southern and
Buchmeier performed RNA extractions of Lassa viral genomic RNA
for purposes of molecular cloning. The extracted RNA was agarose
gel purified, safety tested and when proven non-infectious was
sent to California where an initial round of cDNA cloning was
done. In that effort insufficient product was obtained to clone.

C. Precise mapping of antigenic determinants conserved among
arenavirus glycoproteins

Toward the goal of precisely identifying antigenic determinants
conserved among arenaviruses, we have localized and characterized
a major antigenic site on the GP-2 glycoprotein of L.'%MV (Weber
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and Buchmeier, 1987). Lymphocytic choriomeningitis virus S RNA
encodes an intracellular precursor glycoprotein GP-C (76k) which
is posttranslationally cleaved to yield the structural
glycoproteins GP-l (44k) and GP-2 (35k). Previous work from this
laboratory has demonstrated that the GP-1 bears a single
conformationally sensitive epitope against which neutralizing
monoclonal and polyclonal antibodies are directed. GP-2, in
contrast, contains an immunodominant epitope which is resistant
to denaturation and a subset of antibodies to this epitope react
broadly with heterologous arenaviruses of both the Old World
(LCM, Lassa, Mopsia) and New World (Tacaribe complex) subgroups.

We have mapped, to the level of amino acid sequence, the
conserved epitope on GP-2 and find immunoreactivity of poly- and
monocinoal antibodies against this protein confined to a
synthetic peptide representing 13 amino acids spanning residues
370-382 of GP-C. Specificity was demonstrated by direct ELISA
binding assays to the synthetic peptide, and by inhibition of
binding of monoclonal and polyclonal antibodies to both naitve
and denatured GP-2 by peptide. Comparisons of GP-C sequences of
LCMV, Pichinde and Lassa viruses (Fig. 1) revealed a high degree
of homology among these viruses in residues 370-377 toward the
amino terminus of the peptide wherein 6 of 8 amino acids are
identical among these viruses. In contrast the 5 carboxyl
terminal amino acids of this peptide are not conserved. The
epitope appears to be of biological significance since polyclonal
antisera against LCMV, Junin, and Lassa viruses all react with
peptide 370-382.

Fig. I Identification of a Conserved Antigenic Site on LCMV GP-2

YY YY Y Y 262.263 1 YY
GP-1 I GP-2 498

N C

368 382I I

ARM PYC NYSKFW'-YLEHAK
WE PYCNY SKFIWY LEHAK
Lassa PYCNYISKYIWY LNHTT
Pich PYCNYITKF WY INDT I

TAC PYCNYIT R FIWYIV N HiL
Common P Y C N Y J WY1

We have completed fine mapping of this conserved GP-2 epitope.
Briefly, the binding site of promiscuous GP-2 specific
monoclonals (33.6 and 83.6), that is, those which react broadly
with all a~renaviVUscs, as wcll as HAb 9-7.9 which reacts with
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LCMV and Moý,eia virus only, have been mapped to a stretch of 9
amino acids spanning residues 370-378 of GP-C (Fig. 2):

Fig. 2

370 378
LCM Cys Asn Tyr Ser Lys Phe Trp Tyr Leu
Lassa . . . . Tyr
Pic . . Thr . .
Tac . . . Thr Arg . . . Tyr

As is evident from the sequences shown, this region is highly
conserved across both Old and New World arenaviruses. From
assays of polyclonal human and experimental animal antisera we
have found that the same epitope accounts for up to 70% of the
reactivity of a polyclonal antiserum against GP-2. LCM
convalescent hyperimmune guinea pig and Junin late convalescent
human sera were assayed for binding activity against GP-2 by
Western blotting. We found that preincubation with the synthetic
peptide in solution reduced by more than 70% the binding of these
polyclonal sera against GP-2.

The molecular basis of limited specificity of MAb 9-7.9 was also
elucidated. This MAb, which recognizes LCMV and Mopeia but not
Lassa virus, was assayed for reactivity against the following
peptide sequences corresponding to LCMV and Lassa respectively:

Fig. 3

370 382
LCM CNYSKFWYLEHAK
Lassa CNYSKYWYLEHAK

While the broadly reactive MAb 33.6 reacted with both sequences
equally well, 9-7.9 reacted only with the LCM sequence (EIA titer
of >1:10,000 vs <1:160). Thus substitution of Phe 375 with Tyr
rendered the antibody nonreactive. These findings demonstrate
the molecular identity of a native epitope on the LCMV GP-2
glycoprotein and the precise nature of the sequence difference
between LCMV and Lassa conferring species specificity to the 9-
7.9 monoclonal. Furthermore the existence of two epitopes within
a 9 amino acid segment is proven.

D. Identification of the neutralizing antigenic site on LCMV

We focused our attention on efforts to map the major neutralizing
domain of LCMV-GP-1 glycoprotein using neutralization escape
mutants (Wright, Salvato and Buchmeier, 1989). Two selections
for escape mutants were done using the monoclonal antibody 2-
11.10 (epitope GP-lD) (Parekh and Buchmeier, 1986). The results
of those selections are summarized in Table 1 below.
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Table 1

Selection of Antigenic Variants with
Monoclonal 2-11.10: Reactivity of Selected

Strains with LCMV Monoclonals

Reactivitya Positive/Total

2-11.10 (GP-lD) 7/14 4/9
WE 6.4 (GP-lA) 14/14 9/9
9-7.5 (GP-2B) 14/14 9/9
1-1.3 (NP-A) 14/14 9/9

aReactivity with GP-1 specific antibodies was judged by ELISA,
indirect immunofluorescenco and by virus neutralization.
Antibodies to GP-2 and NP were evaluated by ELISA and by indirect
immunofluorescence.

It is evident from this selection that approximately 40-50% of
the plaques selected were true escape mutants with regard to MAb
2-11.10, but showed no difference in binding of MAb WE 6.2.
Other antibodies to the GP-lA site, including WE197.1, WE258.4
and WE36.1, behaved like WE 6.2 in their recognition of these
strains. Four strains, two escape mutants (2-11.10 negative) and
two representing the wild type phenotype (2-11.10 positive) were
selected for detailed mapping studies. These strains and their
2-11.10 binding characteristics are summarized in Table 2 below.

Table 2

Antibody Binding Profiles of Four
Strains of LCMV-Armstrong

Reactivitya with MAb
Strains
Isolate 1-1.3 (NP) 33.6 (GP-2) WE258.4 (GP-1M 2-11.10 (GP

ARM-3 + + + -

ARM-4 + + + +

ARM-5 + + +

ARM-10 + + + +

aReactivity in ELISA and indirect immunofluorescence assays.
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These strains were subjected to direct RNA sequencing by the
dideoxy chain termination method of Sanger, and mutation was
observed at a single codon (nucleotides 594-596) of the GP-C
precursor corresponding to amino acid 173 of the GP-1
posttranslational product. This mutation is detailed below in
Table 3.

Table 3

Sequence Comparison and Ar.tibody Reactivity
of LCMV Arm Isolates

GP-C Sequencea Epitopeb
nucleotides 582-620

LCMV Isolate amino acids 169-181 A D

ARM-5 CAATACAACTTGACATTCTCAGATCGACAAAGTGCTCAG
GlnTyrAsnLeuThrPheSeiAspArgGlnSerAlaGln +

GCA
ARM-4 ------------- Ala ------------------------- + +

ACA
ARM-3 ------------ Thr ------------------------ +

AAA
ARM-10 ------------ Lys ------------------------- + +

aSequences were determined by primer extension.
bReactivity with MAbs to epitope A (MAbs 197-1 and 6.2) and

epitope D (2-11.).0) is scored. + indicates a positive reaction.

These results established that mutants which contained the
sequence Asn-Leu-Thr at amino acids 171-173 of GP-1 failed to be
recognized by MAb 2-11.10, suggesting that the mechanism of
escape was insertion of a glycosylation site of the form (Asn x
Ser/Thr) at this position. We therefore compared glycosylation
of these strains and found that as predicted, the MAb 2-11.10
resistant strains carried an additional sixth oligosaccharide
chain on GP-1 relative to those strains which bound 2-11.10.
Moreover, we observed heterogeniety at position 173 between the
antibody binding strains APM-4 and ARM-10. The former had the
sequence Asn-Leu-Ala at this position, while the latter was Asn-
Leu-Lvs, suggesting that limited heterogeniety was tolerable.
Neither of these isolates showed any increased or decreased
avidity of binding of MAb 2-11.10.

Further experiments were done to define the role of glycosylation
ani disulfide bond formation in the stLucture of this important
epitope, and these results are described in detail in a
manuscript publication (Wright, Salvato and Buchmeier, 1989).
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Briefly, we found that the major neutralizing epitope was
conformational in nature, that it required native protein folding
for expression, and that this folding required prior N-linked
glycosylation of the GP-C polypeptide chain and intrachain
disulfide bond formation. The epitope was expressed on monomeric
(n - 1) and homopolymeric (n - 1-4) forms of GP-1 but was
destroyed by heating and by reducing agents.

Based on this data we attempted to synthesize the GP-ID epitope
chemically with limited success. It was reasoned that a peptide
containing the 171-173 sequence and spanning the adjacent
flanking cysteine residues might form a hairpin or loop structure
containing the GP-ID epitope. To this end three peptides were
synthesized as shown below:

GP-C peptide 160-185 CDFNNGITIQYNLAFSDEQSAQSQC
170-185 YNLAFSDEQSAQSQC
176-185 DEQSAQSQC

These peptides were used to coat ELISA plates and tested for
reactivity with a large panel of 22 mouse and rat monoclonals to
LCMV as well as normal and immune guinea pig antisere to 1MV.
Binding was observed as described in Table 4 below.

Table 4

Binding to Substrate ContainingAntibody Native Virus 160-185 1701 5 17618

2-11.10 >1:10,000 1:160 <1:10 <1:10
WE 258.4 1:5,600 2 <1:10 <1:10
eE 197.4 ND 1:160 <1:10 <1:10
WE 36.1 ND <1:10 <1:10 <1:10
WE 6.2 ND 1:40 <1:10 <1:10
WE 327.3 ND 1:160 <1:10 <1:10
WE 18.7 ND <i:10 <1:10 <1:10
WE 67.8 ND <1:10 <1:10 <1:10
Rat MAb #8-12 ND <1:10 <1:10 <1:10

#8-13 ND <i:10 <1:10 <1:10
#8-14 ND <1:10 <1:10 <1:10
#8-21 ND <1:10 <1:10 <1:10
#8-22 ND <1:10 <1:10 <1:10
#8-24 ND <1:10 <1:10 <1:10
#8-25 ND 1:20 <1:10 <1:10
18-26 ND <1:10 <1:10 <1:10
18-29 ND <1:10 <1:10 <1:10
#8-32 ND 1:20 <1:10 <l:10
$8-35 ND <1:10 <1:10 <1:10
#8-40 ND <1:10 <1:10 <1:10
#8-50 ND <1:10 <1:10 <1:10
t8-55 ND <1:10 <1:10 <1:10

Normal guinea pig <1:20 1:20 <1:10 <1:10
Guinea pig immune serum ND 1:20 <1:10 <1:10

ND - not determined. Qualitative determinations by indirect

immunofluorescence established titers of >1:100.
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The results suggested very low avidity specific binding of the
GP-1 antibodies to peptide 160-185, however the titer was
extremely low in proportion to the titer of the same monoclonals
against native virus, hence this approach was not aggressively
pursued pending availability of pertinent structural details of
the GP-1 molecule to allow a more accurate prediction to be made.

E. In vivo protective efficacy of Vaccinia constructs containing
LcMV NP and GyC enes

We have obtained Vaccinia vectors containing various
constructions of the LCMV GP-C and NP genes and have performed
two pilot experiments to test their protective efficacy in guinea
pigs against an LCMV WE challenge inoculation. The results of
these experiments are summarized in Table 5.

Table 5

Protective Efficacy of vaccinia tJCMV Constructs Against
LCMV-WE Challenge in Guinea Pigs

Experiment 1

Immunize with Challenge Mortality

LCMV Ar T 3 WE (104 pfu) 0/Z
(i0g pfu ip)

VVSCI iwithout insert) 3 WE 3/3
1I0 pfu Id)

WB5 (fal1 length WE, GP-C insert) 8 WE 8/8
(10 pfu Id)

Experiment 2

Immunize with N Challenge Mortality

LCMV Ar 2 WE 0/2
(10 pfu ip)

VVSClI 3 WE 3/3

VVNP (fVll length NP) 8 WE 8/8
(10 pfu Id)

WNP & W 7 4 WE 4/4
(5 x pfu each Id)

In neither case did we see evidence of significant protection
against in vivo challenge with WE.
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The results of these experiments were disappointing to us and
forced a reconsideration of our vaccinia approaches. We examined
the expression of LCMV GP-C by these constructs in connection
with studies of protein transport and folding. These results are
described below (Sections F, P).

F. Detailed studies of the biosynthesis foldina, transport and
intracellular Processing of GP-C to GP-l and G__2..

Two lines of evidence suggested to us that a full understanding
of the intracellular events in biosynthesis and processing of GP-
C to form GP-l and GP-2 was an important short-term goal of this
project. First, as described above, native folding of the GP-C
polypeptide chain as indicated by acquisition of reactivity with
conformation dependent neutralizing monoclonal antibodies
requires both prior glycosylation and intrachain disulfide bond
formation. This observation must be taken into account in the
design of any vaccine which is intended to mimic the relevant
native epitope. Second, in an attempt to use the baculovirus
expression system to produce glycoprotein for study, we obtained
two vectors containing the full length LCMV NP and GP-C genes
from Dr. David Bishop, NERC Insect Virus Unit, Oxford, U.K.
These viruses, termed YON (NP) and YOG (GP-C), were grown in
Spodoptera frugiperda cells and lysates prepared at the time of
maximum CPE. These lysates were coated on microtiter wells in a
standard ELISA format and several LCMV monoclonals were assayed
for reactivity. The results of this assay are shown in Table 6
below:

Table 6

Reactivity of LCMV Monoclonal Antibodies with
NP and GP-C Expressed by Baculovirus

Titer vs. Substratea
Antibody Specificity YOQIN IM YOG (GP-C)

Guinea pig
anti LCMV GP+NP >1:10,000 1:1000

1-1.3 NP >1:10,000 <1:10

WE258.4 GP-I <1:10 <1:10

WE6.2 GP-I <1:10 <1:10

WE33.6 GP-2 <1:10 1:100

9-7.9 GP-2 <1:10 1:100

aSubstrate was 2 ug protein/well of S~odoptera lysate from cells
infected with the indicated vector. Titer expressed as the
highest dilution of antiserum scoring 2 times the background
optical density.
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These vectors clearly directed the synthesis of GP-C and NP,
however neither of the conformation dependent, neutralizing MAb
to site GP-lA recognized those proteins produced in insect cells.
Moreover, Bishop has observed that the YOG-infected cells
accumulate the GP-C polypeptide in the endoplasmic reticulum with
little or no transport to the plasma membrane, again suggesting a
defect in folding. Antisera produced in Bishop's laboratory by
immunization of rabbits with YOG or YON lysates failed to
recognize native GP-1 and did not neutralize viral infectivity.
These results taken together suggest a defect in folding or
processing of GP-C in the insect cell. We therefore sought to
define the normal sequence of events in biosynthesis and
processing of GP-C (Wright et al., 1990).

We first used a series of glycosylation inhibitors to define the
minimal glycosyl chain structure required for proper folding of
the chain to express the 2-11.10 epitope. We found that fully
deglycosylated GP-C and GP-1 produced either by digestion of
virions with N-glycanase (which removes complex sugar side
chains) or by growth in the presence of tunicamycin (which blocks
the en-bloc addition of the initial high mannose sugar chain to
the growing polypeptide chain) were non-reactive with
neutralizing antibodies. In contrast, addition of the most
elementary high mannose oligosaccharide chain as expressed in the
presence of the inhibitors castantospermine or 1-NM-
deoxynojirimycin was sufficient to allow appropriate folding and
acquisition of conformational epitopes. Significantly,
intracellular transport via the normal secretory pathways was
also dependent upon glycosylation.

By pulse chase and temperature blocking studies we showed that
ter-inal glycosylation occurs in the medial to trans-golgi and
precedes cleavage of GP-C at the GP-1/GP-2 junction.

G. Mechanism and Specificity of Antibody Mediated Protection
from Acute LCMV Disease

It is highly desirable in the design of a vaccine to have prior
knowledge of the protective mechanisms operative in acquired
resistance. In the case of arenavirus disease, anecdotal
evidence suggested that the protective role of humoral antibody
had been largely underestimated. Therefore we investigated the
mechanism of monoclonal antibody (MAb) mediated protection agaist
LCMV-induced acute CNS disease. The basic protocol was to
passively administer the MAb under study intraperitoneally from 1
day before to 2 days aftir intracerebral (ic) challenge with 500
pfu (ca. >1,000 LD 0) of LCMV-Anim. Virgin mice challenged in
this way always diea hy the sixth to seventh day post-infection.
Table 7 illustrates the experimental data for in vivo protective
effect of antibody in acute LCM disease. Note from the data that
3 MAbs, 2-11.10, 258.2 and 67.2, protected mice against lethal
virus challenge. All were GP-l specific, but significantly, only
two of these MAb neutralize virus in vitro. MAb 2-11.10 was
effective when administered as late as two days (20% mortality)
after infection, indicating an inhibition of spread of virus
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infection. Table 8 illustrates the observation that protected
mice show 2 log or greater reductions in virus burden in their
brains, and do not become virus carriers, as indicated by
clearance at days 14 and 30. Table 9 illustrates that relative
to their non-antibody treated cohorts, the antibody protected
nice showed lower levels of CTL activity, which may account for
lower inflammatory responses and survival of these mice.

These findings are important in that they establish that a pre-
existing humoral antibody to LCM virus is protective, and that
epitopes on GP-l are crucial. Protection did not require in
yvt virus neutralizing activity however. The latter finding
may be particularly important since the presence of neutralizing
antibody to Lassa virus in convalescent patients and animals is
difficult to demonstrate.

Table 7

Protection against intracranial challenge with
LCMV by transfer of monoclonal antibodies

MAb Specificity ELISA Neut. Day of %Mortality
Titre Transfer (n)

211.10 GP-1 204,000 + -1,0 4 (24)
258.2 OP-I 12,800 + -1,0 24 (15)

67.2, GP-I 3,200 - -1,0 0 (11)
9-7.9 GP-2 800 - -1,0 90 (10)

1-1.3/
10-7.5 NP 204,000 - -1,0 94 (16)
HIV MAb - - -1,0 90 (18)

211.10 GP-i + 0 0 (5)
+1 0 (10)
+2 20 (5)
+3 80 (5)

Saline - 0 88(9)

Female 4-6 week old Balb/o By3 mice were given 0.2 ml ascites

intraperitoneally (iLp.) on the specified days, where day 0 is

the day of challenge with 500 PFU LCMV, strain Armstrong

intracranially (i.e.). All mice were observed for at least 30

days. 500 PFU is equal to 263 LDSO of the Arm stock used in

these experiments.
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Table 8

Virus clearance from brains of mice challenged
with LCMV i.c.

MAb ioglo PFU per g brain

day I day 4 day 6/7 day 14 day 30

Expt 1
2.11.10 <2.0 <2.0 n.d. <2.0 <2.0

<2.0 <2.0 <2.0 <2.0
<2.0 4.3 <2.0
<2.0 4.3 <2-0
<2.0 3.2

10-7.5 <2.0 7.4 n.d.
4.0 5.8
3.5 6.0
4.5 5.7
4.3 6.3

Expt 2
2.11.10 <2.0 4.4 <2.0

<2.0 • 4.7 <2.0
<2.0 4.8 <2.0
<2.0 4.9 <2.0
<2.0 5.1 4.5

9-7.9 <2.0 6.9 <2.0
<2.0 6.9 <2.0
<2.0 6.4 6.6
<2.0 5.8 6.4
<2.0 5.4 3.7

Groups of 4-6-week old female Balb/c mice were given 0.2 ml

ascites intraperitoneally, then challenged with 100n pfu (Expt 1)

or 500 pfu (Expt 2) i.e. 24 hr. later. Brains were collected at

specified times, frozen and assayed for infectious virus on Vero

cell monolayers. Unprotected mice were usually dead by day 7.

18



Table 9

Cytotoxic T-cell responses to LCMV in protected mice

Percent 5 1 Chrorium Release

Effector H-2d-LCMV H-2d Mock H-2b-LCMV

Day 7-i.p. 68.5 0 4.0
Not protected

Day 7 ji.c. 83.6 52.8 1.3 0.9

Day 7-i.c. 67.2 16.0 1.2 0

Day 9-i.c. 67.2 16.9 0 0.4
Protected

Day ll-i.c. 67.2 12.8 1.8 0

Day 14-i.c. 67.2 3.1 0.9 0

H-2b Control - - 66.2

Cytotoxic activity was measured in a 5 1 Chromium release assay in
iplenocytes, collected from mice given MAb and infected iC.
•Chromium labelled targets were: H-2d - Balb/c C17, H-2 a

MC57/MEF.

H. Virg Binding A~ssa

It is of interest to identify the proteutive epitopes recognized
by MAb to GP-1. Therefore we initiated studies of the mechanism
of virus neutralization and attempted to identify these epitopes
at the molecular level. Since we have already mapped the 2-11.10
epitope to amino acid 173 of GP-l, we focused on 1) the
biological activity of these MAbs in binding inhibition, and 2)
mapping the sequential (peptide) epitope 67.2 (section I below).

A binding assay was established to study the in vitro inhibitory
effect of antibody on L314V replication in vitro and in yvvo.
Bindin% of radiolabeled (4S) LCMV showed saturation kinetics at
both 4 and 370 with approximately 3-fold more virus bound at
370, suggesting that internalization follows rapidly at 370 (Fig.
4). In the presence of 0.1% sodium azide, an inhibitor of
cellular energy production, an intermediate level between the 40
and 370 saturation curves was observed. The full library of MAbs
against GP-1 of LCMV was tested for ability to inhibit this virus
binding (Table 10), and it was noted that the most efficient
inhibition of binding was achieved with MAbs 36.1, 67.2 and 67.5
(sister clones) and 2-11.10. The latter two MAbs were shown
previously to be protective if administered passively to mice
either prior to or after LCMV infection. Thus epitopes have been
defined which elicit antibody which inhibits virus-cell
interaction. These correspond in some cases (e.g. 2-11.10 and WE
67.2) to protective epitopes and as such are logical targets for
vaccination.
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Fig. 4. Binding curves of radiolabeled LCMV-Arm 4 to Vero cells.
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Table 10
Effects of monoclonal antibody or polyclonal antisera on

the binding of labeled LCKV-Arm 4 to Vero cells.

Inhibition

370C 40C

Epitope Neutral. 150 Isl00 Isl000 1:50 1:100 1:1000

WE-36.1 GP-IA + ++ ++ + +++ ++ +
WE-258.4 GP-lA + . . ...
WE-197.1 GP-lA + . . ...
WE-6.2 GP-lA + . . ...
WE-40 GP-IA + (WE) + + - + -
WE-327.3 GP-1B .. . ...
WE-2.9 GP-lB .. . ...
WE-18.8 GP-1C . . ...
WE-67.5 GP-lC ++ + ++ + -
WE-67.2 GP-lC ++ + ++ + +
2.11.10 GP-iD + (Arm) +4 + ++ + +
WE-33.6 GP-2A + - + ÷ -
WE-83.6 GP-2A + .. . .
Am 9.7.9 GP-2B - - + - -
WE 1-1.3 NP . .. . .
MWV SB11.5 .. .. . .

Polyclonal
Guinea pig LCMV + + + - + - +
Guinea pig normal .. . .. . .

Note: +++ inhibition between 100-75 %; ++ inhibition between
75-50%; + inhibition between 50-25% and - inhibition between
25-0%. ,0



I. Manning of Pentide Epitopes on GP-C

In a continuation of our efforts to map and characterize the
topography of GP-C and its cleavage products GP-1 and GP-2,
synthetic peptides derived from the complete sequence of the GP-C
precursor were made and characterized (Fig. 5). We screened the
GP-l peptide sequences against our panel of MAb to GP-l by ELISA,
and the binding patterns of these antibodies against the peptides
are illustrated in Table 11. Note that one peptide in
particular, 201-216, gave very high background binding of several
monoclonals as indicated in matrix scores of 5-9 or 10
(asterisk). Furthermore, some monoclonals such as 9-7.9 gave
high binding scores against several peptides in spite of the fact
that this antibody recognizes a GP-2 sequence (GP-C 370-382)
(Weber and Buchmeier, 1988). On the basis of these observations
and other inconsistencies in the results, it was decided that
this approach was not sufficiently reliable to map epitopic
sites.

J. Macromolecular Structure of the Glvcoprotein Spike

Dr. John Burns, a molecular virologist experienced in protein
chemistry, joined my laboratory group to continue work on the
structure of the arenavirus spike. Dr. Burns has performed
experiments to look in more detail at the biosynthesis and
folding of the LCMV glycoproteins as a model for Lassa. We feel
that this comparison is justified in view of the overall high
degree amino acid similarity (>77%) between the glycoproteins of
these two viruses, and their similar biology (Fig. 6). Dr. Burns
has performed two kinds of experiments. The first was precisely
timed pulse chase studies to define the time required for
synthesis and processing of GP-C to GP-l and GP-2. By pulse
labeling for 5 minutes and chasing for various intervals, it was
shown that 75 minutes elapsed between GP-C biosynthesis and
proteolytic cleavage. By inhibiting intracellular transport at
low temperatures (16 0 C, 25 0 C), it was shown that cleavage
occurred in the Golgi apparatus. These results, as well as the
results of other transport studies, were reported in Virology
(Wright et al., 1990).

K. N-terminal Sequences of GP-1 and GP-2 of LCMV and Other
Arenaviruses

In order to better define the GP-l and GP-2 structural proteins
more accurately, we utilized the algorithm of von Heijne to
predict the most likely sites of signal peptide cleavage for the
arenaviruses LCMV, Lassa, Pichinde and Tacaribe, for which
sequence is available. Table 12 illustrates the most likely
cleavage sites and their von Heijne scores. Note that in each
case a long signal sequence of ca. 58 amino acids is predicted at
the amino terminus of GP-l. We have utilized direct protein
microsequencing to confirm this result and to identify the N-
terminal residue of GP-2 for LCMV (Fig. 7). The sequence MYGLK
at the N-terminus of GP-I corresponds to residues 59-63 of the
GP-C open reading frame, precisely where cleavage was predicted
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r ig. .5. SYNTHETIC PEPTIDES FROM LCMV GP-C SEQIUENCE
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220-232 C5QTSYQYLXUQk
,225-2231(f211) LUQNGW0wMtC
2239-259 CflYAGPYCXSp.L7JQEX
253-263 SQZI(TKTTM
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272-283
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207-309 CTGOWAVAX
307-315 01VNmAz
312-232(473) DAUCDffLRLI
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353-370 bQai4m1uLmwvpc3 683832 Pyc3(ys~nyzzay~t
370-381 CNYSffTWLMMfA
371-391(483) LmATGrTsvn~c
331.4 01 CWLVTNGSYzM
401-415 (COO)N XXTID§ZZQZADff
422-435 CGCO)XXJZ3XQCSTP~h
436-450 lCOG)ALNOUJXFSTSAYLIS
441-458 zovsZZLHvxxccc
465-478 (C) XOOscp2 1.!
477-487 N(ffICSCCATK
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Table 11

Results of comparison of monoclonal antibodies
versus synthetic peptides following ELISA

ANTIBODY 9'"

GP-C62-71b * . * af 0 e10 0 0 0 D .0 0 0 F]
8- 0 0 0 00 0 0 a 0 0 1 0 1 1 ,4

104-121 oo1O11 0 1°o oo3o, 0

523-135 0 2 2 0 0 3 3 0 0 0 0 0 0 0 ¶ 0 0 1 0 1
625-ila 0 0 2 0 0 0 3 C 0 0 0 1 0 0 1 0 0 1 0 2

15-16b 0 1 1 0 0 0 4 0 0 0 0 0 o o 0 0 0 j 0 2
16-116 0 0 0 0 o o1 1 0 1 0 1 1 0 0 2 3o

.92-104 0 0 3 1 0 0 4 0 0 0 1 0 0 0 1 0 1 1 -0 0
126-135 0 0 4 0 0 0 4 0 0 0 1 1 0 0 0 0 0 1 0 1
135-159 0 0 2 0 0 0 3 0 0 0 0 0 0 1 0 0 1 2
150-160 0 0 2 0 0 0 4 0 0 4 0 0 1 0 0 0 0 1 2
160-185 0 0 w 1 0 0 6 0 1 0 1 1 1 0 0 2 3 0 3
170-232 0 0 3 1 0 0 3 1 0 0 1 0 0 0 2 0 1 1 0 0
176-189 0 0 3 0 0 0 3 0 0 0 0 0 0 0 2 0 1 2 0 0
176-189 0 0 3 0 0 00 I 0 0 2 1 0 1 1 1 1
21-2625 0 0 1 0 0 0 1 0 0 0 0 0 1 1 1 0 0 2 0 01

2,-16 00 7 * 0 0 4 1 59 • m * 1 *

252-232 0 0 1 0 0 0 1 0 0 0 0 0 0 0 1 0 1 1 1 2

262-275 0 0 1 0 0 0 1 0 0 0 0 0 0 0 3 0 2 10 3
272-285 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0
Blank 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2•74-25 0 0 1,. 0 0 0 - 0 0 0 0 0 0 9 - 1 1 1 -

Note: The original optical density scale from 0 to 2.0 is
transferred in to matrix scale from 0 to * (10), thus
a score of 1 corresponds to an OD of 0.2, etc.
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by the algorithm. The GP-2 sequence GTFTWT matched residues 266-
271 of GP-C and was two residues to the carboxyl side of the
predicted ARG-ARG cleavage recognition site. Building upon this
result, we have performed direct amino acid sequencing of the N
termini of GP-l and GP-2 of LCMV and several other arenaviruses
in order to identify the limits of these proteins and to
understand their post-translational processing in the infected
cell (Burns, Milligan and Buchmeier, J. Virol., submitted).
Viruses were highly purified, and their polypeptides separated on
a high resolution 5-15% gradient gel. Bands were transferred to
nitrocellulose, stained with Ponceau and eluted for sequencing in
a gas phase ABI microsequenator. Two runs each of NP, GP-1 and
GP-2 of LCMV-Arm were made. NP yielded no sequence due to N
terminal blocking of that polypeptide, a common problem due to
acylation or amidation of the N-terminal amino acid, making it
uncleavable by Sanger's reagent. GP-l and GP-2 sequences were
more informative, consistently yielding 5 and 6 residues
respectively. Both sequences were quite clean and unequivocally
matched segments of the predicted cDNA sequence of GP-C. GP-l
had an N-terminal sequence of MYGLK in both runs, matching
exactly with residues 59-63 of GP-C. GP-2 had a sequence of
GTFTWT, matching residues 266-271 of GP-C, just two residues
toward the C terminus from the -RR sequence previously predicted
by us as the recognition site for GP-C -> GP-1 + GP-2 proteolysis
(Buchmeier et al., 1987). Similar results were obtained with the
New World arenaviruses Pichinde and Tacaribe (Fig. 8),
unequivocally locating the N termini of GP-2 in both viruses and
of GP-I in Pichinde.

Several observations can be made regarding these data. First,
LCMV and Lassa show very similar sequences in amino acids 1-58
but begin to diverge substantially from 59-67, suggesting
sequence differences in the free amino termini of each species
GP-l. Secondly, both viruses have a long, substantially
hydrophobic N terminal sequence covering residues 1-59. This is
an extraordinarily long signal, and raised the possibility of a
functional role for this N-terminal stretch of amino acids in
anchoring and/or directing the transport of GP-C through the
membrane secretory pathway. In order to address that question,
we are preparing antisera to peptides in the signal sequence to
track the intracellular processing and transport of this molecule
through the secretory pathway. This data will be necessary to
rationally approach in vitro expression of the arenavirus
glycoproteins from cDNA and to rationally design GP-C expression
vectors.
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Fig. 6. Amnino Acid Similarity Between LCM-Arm and Laasa-Jos
GP-C Glycoprotein precursors.

99STPIT oft Armgpe.Seq checks 4604 front I tot 496

REFORMAT oft armgpc.jou checks 4604 from: I tot 498 22-AUG-1986 10:28
(No documentation)

tot Lagpc.Ieq checks 7504 from: 1 tot 491

StFORMAT oft lagpc. check: 7564 front 1 tot 491 2-$c9-1906 1015)
(Noe documentation)

Symbol comparison tablet Goenoredisk:(Gcgcore.RundatalSwgappep.Cmp
CompChecki 12S4

Gap Weights 3.000 Average Ketch: 0.540
Length weight: 0.100 Average Mismatch: -0.396

Quality: 508.2 Lengtht 502
Ratios 1.935 Gaps: 6

XPercent Similarity:7 10 Percent identity: 61.523

Arngpc.Seq x Lagpc.seq November 12, In#* 12:54

1 MGQIVTMFEALPNIDEVINZVZZVLVIVZGZKAVYNrATCOzrALISFL 50

I IIGQIVTPFQCVPHVIESVMNZVLIAL5VLAVLRGLYNFATCGLVGLVTFL SO

51 LLAORSCGMYGLKGPb!YRGvyQFKsvCFDmsIILNLTMPNACSANNSHHY 100

51 LLCGRSC. ...... .TTSLYKGVXZLQTL3LNM3TLNMTNPLSCTKNNSMHY 94

101 ISMG.TSGLELTFTNDItbSZ5NFCNLTSAPNRKTFDHTLMSIVSSLHLSi 149

95 IMVGNETGLELLTNTSZZNHKFCNLSDAUKRNLYDHALHSUlSTrHLSI 144

150 RGNSNYKAVScorNN4G. ZTiQYNLT?8DAQ5AQSQCRTPRG;RVLDMI.RT 197

145 PNrNQYAHSCDrNOGK:SVQYNLOSKYAGDMWRHCGTVANGVLOTrmRm 194

198 AFGGKYNRSGWGIWTGSDGKiTWCSQ)TSYQYLZIQONRTWENHCTYAGPFGM 247

195 AWGGSYZALDSORCNWD ... CMTYQYLUQONTTWEDHCQFSRPSPI 239

248 SRILLSQEKTK. . 1TRRLAGTFTWTLSDSSGVENPGGYCLTKWMI¶LA.A 295

240 GYLGLLSQRTRDZYISRRLLGTFTWTLSDSKGKDTPGGYCLTRWMLICAE 289

296 LKcrGNTAVAKCNV1IHDAEFCDMLRLIDYNKA.ALSKFKEDVESALHLrKi 345

290 LKcrGNTAVAKCNERHDEEFCDMLRLPDFNKQAIQRLKAEAQMSIQLINK 339

346 TVNSLISDQLLMRNHLRDLPIGVPYCNYSKFWYLEMAKTGCTSVPKCWLV*T 395

340 AVNALINDQLZMIKNHLPDIMGZPYCNYSKYWYLNHTTTGRTSLPKCWLVS 389

396 NGSYLNENPSDQZ3QEADýtUT3MLRKDYIKRQGSTPLALMDLLmrSTS 445

390 NGSYLN3THF8DDI5QQADNMITEMLQR3YMERQGKTIrLGLVDLFVFSTS 439

446 AYLVSIrLNLKITRRKQGCPfiPHRL'rNKG1CSCGAIZ2LY&TE 495

440 rYLISIFLHLVKXPTHRRIVGR5CPKPHRLNHNGICSCGLYKQPGVPVKW 489

496 KR 497
1I

490 KR 491
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Table 12

Predicted signal peptidase cleavage site* an arenavirus GPC

LCMV (Arm) LCMV (WE) Lassa Tacaribe Pichinde

Rank Residue Score Residue Score Residue Score Residue Score Residue Score

1 58 8.305 58 7.320 58 6.332 58 8.106 16 5.576

2 56 5.954 56 7.017 56 5.433 56 4.758 56 3.489

3 34 4.816 54 4.594 34 5.006 53 4.561 59 3.367

*Computer analysis of amino acid sequences based on algorithm of
von fieijne (Fazakerley and Ross, 1988).

Fig. 7

LCMV ARMSTRONG GPC CLEAVAGE SITES

Iidaahy 02 HW hobic

Amino Acid J-2 ~i
0100 200 30k 400

541518 59\ 63 261/265 \266 270

GRSCGMYGLK T RR LAGTFTW

f
Note: Amino terminanl sequences MYGLI for GP-1 and GTFTWT were

confirmed by microsequenciag.
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L. Protein-Rrotein Interactions in the Glvcorotei Sike

Continued studies of the macromolecular structure of the LCM
virion spike have yielded a better picture of the association
between GP-l and GP2 and their association with the internal
virion proteins (Burns and Buchmeier, 1991). Using the membrane
permeable crosslinking agent dimethyl suberimidate (DMS), which
cross links lysines within an 11A radius, we found that GP-1
formed homo-oligomeric complexes of the form (GP-l)n or where N -
1 to 4. Based on this observation we can make two conclusions:
First, that GP-I forms a tetramer of like rolecules, and second,
that GP-1 is not covalently linked to GP-2 nor does it have
available lysines within 11A of similar reactive groups in GP-2.
GP-2, in contrast to GP-l, showed complex patterns of interaction
with other viral structural proteins. GP-2 was observed in
monomeric, dimeric, trimeric and tetrameric homo-oligomers as
well as in hetero-oligomers of the form (GP-2:NP), and (GP-
2:NP) 2. Additional possible complexes of GP-2 with the 12kd Z
protein were also occasionally observed (Salvato et al.,
1992) (Fig. 9A).

Using a membrane impermeable cross linker, DTSSP, both GP-1 and
GP-2 were found to exist as homo-oligomers of the form (GP-1)N
and (GP-2)N, where N - 1 to 4 (Fig. 9B). Use of this cross
linker, which does not penetrate the virion envelope, prevented
GP-2:NP complex formation. The cross linking data are summarized
in Table 13. Although the GP-1 homotetramer appears to be
stabilized by disulfide bonds, no evidence of covalent or
disulfide bonding between GP-1 and GP-2 molecules was observed.
Therefore it seems most likely that GP-l and GP-2 interactions
which form the spike are stabilized by either ionic or
hydrophobic interactions.

Table 13

Theoretical and experimentally determined molecular
weights of crosslinked complexes

OP., OP.2 IP

plate; M cuAlr Wright PAM) Protein MUucuA Weight TM) Prhotein M"olerar Weight (M,)
Complot ThemticaI OMS oTSSP' ComVls Theoretical DIAS OTSSP ConV)e Theoretiul VMS DTSSP

GP.M 44.000 46.000 40,000 GP.2 35,000 34.000 35.000 NP 13.000 50.000 57.000
IGP.1) 18,0DO 84,000 82,000 WP-21, 70,000 68,000 71,00 WP.2IN) 9,000 37,000 -
(GPI)a 132,030 118,000 117.000 (OP.2:NPI 8.000 87.000 - NP), 126,000 108,000 114.000
(GP.111 176,000 160,000 149,000 (UP.2h 105,000 102.000 105.000 WIP.2:NPN 196,000 173.000 -

IGP.2), 140.000 - 129.000
IGP.2NP)# 196,000 173.000 -

DTSSP gels were run under non-reducing conditions due to reversibility
of crosslinker. Under non-reduced conditions GP-1 has a higher
migration rate.

DMS crosslinking was performed using I mg/ml DHS for 90m at room temp.

DTSSP crosslinking was performed using 2 mg/ml DTSSP for 90m at room
temp.

Experimentally determined molecular weights were obtained by
comparing the observed relative migration for a polypeptide
complex with a standard curve of relative migration rates vs.
known moleculir weights for prestained molecular weight markers
(16,000-205,000). 28



Fig. 9

A. DMS B. DTSSP

1-205 -205

-117 -117
-84 ..84

-47 .-47
733 

-33
- -33-24 -24

SL -16

Antiserum: GP1 GP2 NP Mix GP1 GP2 NP Mix

7:runoblot of crosslinked Arm-4 (A. DMS, B. DTSSP).
Aliquots of purified LCMV were crosslinked using the membrane-
permeable reagent, DMS (panel A), or the membrane-impermeable
reagent, DTSSP (panel B), both in 100 mM triethanolamine-HC1, pH
8.2. Following incubation periods of 30 minutes (DTSSP) or 90
minutes (OMS), crosslinking was quenched by the addition of I M
glycine until a final concentration of 20 mM glycine was obtained.
Crosslinked virus preparations were disrupted using reducing (DMS)
or non-reducing (DTSSP) electrophoresis sample buffer and heating
at 95-100 C for four minutes. These samples were analyzed by
immunoblotting following electrophoresis on 5-15% Laemmli gradient
gels. Immobilon P membrane strips containing the transferred
samples were probed using the appropriate rabbit anti-peptide
sera specific for GP-1 (lane 1), GP-2 (lane 2), NP (lane 3) as
described. Control virus (not crosslinked) was disrupted in the
presence (lane 4 top panel) or absence (lane 4 bottom panel) of
reducing agent and analyzed in parallel with the crosslinked
preparations using a mixture of the three sera.
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M. In Situ Hybridization Studies 21 L M Distribution in
Infection

By the application of in situ hybridization to thin sections of
paraffin embedded tissues we have been able to determine with
high resolution the cell-types containing lymphocytic
choriomeningitis virus nucleic acid in the tissues of
persistently infected mice (Fazakerley et al., 1991). We
confirmed and extend previous observations of viral persistence
in the brain, lung, liver, kidney, pancreas, thyroid, and
reticuloendothelial system. In addition, we demonstrated for the
first time persistence of viral nucleic acid in specific cell-
types in the thymus, lymph nodes, testes, bladder, adrenal,
parathyroid and salivary glands. The cell types infected were
consistently observed among several animals. In lymphoid tissue,
signal was predominantly located in the T-dependent areas of the
spleen and lymph nodes. Viral nucleic acid was also present in
cells of the thymic medulla. This has important implications for
the deficiency in T-cell function observed in persistently
infected mice. In the testes, viral nucleic acid was detected in
spermatogonia but not differentiating spermatocytes. In this
tissue at least, persistence is related to the differentiation
state of the cell. Endocrine and exocrine dysfunctions have been
described in persistently infected mice and we now report that
the highest levels of viral nucleic acid were found in the
adrenal gland. The infection of endocrine and exocrine tissue
was not pantropic, specific cell-types expressed viral nucleic
acid in each tissue. In the adrenal cortex, cells of the zona
reticularis and zona fasciculata but not the zona glomerulosa
were positive. In the adrenal medulla, signal was predominantly
localized over adrenaline secreting cells. Infection of the
renal tubules, transitional epithelium of the bladder, and the
ducts of the salivary gland indicate the likely sites of virus
production for the dissemination of arenavirus infections. These
experiments provide the technical basis for in situ hybridization
studies of human clinical material.

N. Refinement o_ a model of the structure of the arenavirus
spike structure.

A priori computer predictions of the conformation of proteins
such as the arenavirus GP-C polyprotein are of mixed value
(Jennings, 1989). On one hand they provide a basis to predict
with reasonable certainty gross topographical features such as N-
terminal signal sequences and transmembrane domains. These
methods are less reliable however when asked to predict more
complex secondary and tertiary structures. We have used two such
programs, the Chou-Fasman (1978) and Garnier-Oglethorpe-Robson
(1978) algorithms, to attempt to predict the secondary and
tertiary structure of GP-C. Figure 10 illustrates the results
summarized in one figure by the plot structure (University of
Wisconsin Genetics Computer Group software package) utility.
Note in the Hopp and Woods (1981) hydrophi!icity plot at the top
that there are two extensive regions of hydrophobic peaks (peaks
with negative overall values). These correspond to the 58 amino
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acid N-terminal signal sequence (residues 1-58) which we
described above, and the predicted transmembrane domain near the
C-terminus of GP-C (boxed residues 432-458). Note as well a
sequence near the amino terminal end of GP-2 (amino acids 266-
290; dashed box) which is predicted by both the Chou-Fasman and
Gamier algorithms to contain beta sheet-betaturn-beta sheet
configuration. This sequence corresponds to the major GP-2 CTL
epitope described by Whitton et al. (1988a) for GP-2 of LCMV.
Between the CTL site and the transmembrane domain is a predicted
extended alpha helix punctuated by a short beta sheet region at
370-390. In the GP-l sequence there is little evidence of
consistency between the two programs, although there are several
predicted alpha helical and beta sheet regions predicted by both
programs which are consistent with a globular structure.

Looking more closely at these structures we sought evidence of
conservation among known GP-C sequences for various arenaviruses.
Examining the hairpin loop, membrane spanning and carboxy
terminal cytoplasmic domains (Fig. 11), it was evident that there
was a high degree of sequence similarity between LCMV and Lassa
and less between the Old World (LCM, ARM and WE; Lassa) viruses
and the New World viruses (Tacaribe and Pichinde) in these
regions. A similarity of .considerable potential interest was
observed in the region of predicted extended alpha helix in GP-2
(between GP-C residues 318 and 370). In this region which
contains an extended alpha helical "heptad repeat" reported by
Auperin et al. for Lassa virus (1986), we found that this
predicted heptad repeat structure was conserved for all of the
viruses for which sequence information is available. Although
the amino acid sequences diverged (Fig. 12), the predicted heptad
repeat periodicity indicative of alpha helix was conserved. This
type of structure is found in the stalk region of Influenza HA
(Wilson et al., 1981) and of the coronavirus spike glycoprotein S
(deGroot et al., 1987), suggesting that this region cf GP-2
serves as the stalk for the arenavirus spike. Also of interest
is the fact that the highly conserved B cell antigenic site
described by this laboratory (Weber and Buchmeier, 1987) lies
immediately adjacent to the heptad repeat in amino acids 370-380.

To get a better look at the spike we performed cryoelectron
microscopic (Milligan et al., 1984) examination on highly
purified LCMV. This technique, which involves no fixation,
images the virus directly in vitreous ice and offers minimal
distortion of surface structures such as the spike. Purified
LCMV-ARM (1 mg/ml; > i 10I pfu/ml) in TNE buffer was applied to
carbon coated holey support films on grids. The grids were
blotted and quick-frozen in liquid ethane slush in LN2 and stored
in CN?. For examination the grids were mounted on a cold stage
and visualized using a Phillips CY12T electron microscope at 100
kV. A number of images were taken at various levels of defocus
to emphasize various aspects of the virion structure. As evident
in Figure 13, the virions ware srherical particles of variable
diameter consisting of a dense (nucleoprotein) core enclosed by a
lipid bilayer. The oiLter surface of the bilayer is studded with
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Figure 3.0. Predicted secondary structure of the LCMV glycoprotein
precursor, GP-C. Predicted secondary structure plots of LCMV GP-
C were generated on a VAX computer using the reported amino acid
sequence of GP-C and the predictive algorithms of Hopp and Woods
(1988), Chou and Tasman (1978) and Garnier, Osguthorpe and Robson
(1978). The location of potential N-linked glycosylation sites
are identified based on the presence of the amino acid consensus
Asn-X-Ser/Thr. The proposed signal sequence (S.S.) and GP-1:GP-2
cleavage sites are indicated on the top line. The predicted
beta sheet-reverse turn-beta sheet region of the proposed hairpin
loop (dashed box) and the hydrophobic alpha-helical membrane
spanning domain (solid box) of GP-2 are marked.
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Figure 11. Comparison of the sequences of topographic landmarks
of several arenavirus glycoprotains.
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CONSERVATION OF HEPTAD REPEAT REGIONS AMONG
ARENAVIRUS GLYCOPROTEINS SUGGESTS A COMMON

ALPHA-HELICAL AND COILED-COIL STRUCTURE

DF LY F IY

0A A
K NAK K Ka 0  N K

K NN K NT N

FAES LS KF Krv EIT N• :l,

K MK 0a KE D 01 aL EE
L LES F S L L 00 L N L K• T

10 N N L N

i•C H C V¥CH 6CS K •

K LH L'ET T K S K R 5H
A F N RL5A1N FS F 5 1 A F G LA

V N v LN IN I

L. L LI L LIN VT LS TL

0 'LL L L1  L1  LI

M LRDMRDRD RKGHKRE

rI L C L P C HL CR L Y LYD

Lassa LCMV LCMV Mopela Pichinde Tacaribe
Armstrong WE

Figure 12. Helix-net array of the heptad repeat regions of the
arenavirus GP-2 (equivalent) molecules. The published amino acid
sequences of the arenavirus GP-2 heptad repeat regions are
depicted in side-by-side helix net arrays aligned with the
reported coiled coil domain of Lasta virus. Amino acids 309 (F)
and 360 (I) of Lassa virus aare marked for reference. The
hydr'%phobic face of each GP-2 molecule is outlined to illustrate
the high degree of conservation among the viruses.
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glycoprotein spikes (see arrow heads). Magnification of the left
and right panels is 167,100x and the inset magnification is
232,750x. Bar scale equals 1000 A.
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projections, the LCMV glycoprotein spikes. At a focus of -1.5
microns, where 50 A spacings are emphasized in the images, the
bilayer is clearly visible (Fig. 13, left panel). The high
electron-scattering density of the phosphate head groups of the
lipids give rise to the characteristic trilamellar appearance of
the bilayer. The spikes, while apparent in these images, are
more clearly visualized in more strongly defocussed images (-3.0
microns, Fig. 13, right panel). Details in the images suggest
that the spikes are T-shaped, with the rodlike stalk anchored in
the lipid bilay .r and the crosspieces lying parallel to the
bilayer at a distance of approximately 80-100 A (8-10 nm) from
the surface.

Having established these features of the spike structure, we
sought to establish precisely the interaction of GP-2 with the
envelope. Previous studies from this laboratory (Burns and
Buchmeier, 1991) established that GP-2 was an integral membrane
protein which could be crosslinked to the nucleocapsid protein,
NP, using the membrane-permeable crosslinker dimethyl
suberimidate (DMS). Briefly, we performed an exhaustive
proteinase K digestion of highly purified LCMV followed by
rebanding of the virus and separation and identification of the
proteins remaining in the digested virions by SDS-PAGE and
Western blotting. A schematic diagram of this protocol is
represented in Figure 14. Peptide antisera used for this
experiment corresponded to amino acids 130-144 of NP (antibody
A), amino acids 59-79 of GP-C (1-20 of GP-1; antiserum B) and
residues 483-498 of GP-C (exact C-terminus of GP-2; antiserum C).
Figure 15 illustrates the results of this experiment. NP
remained unaltered after proteinase K digestion due to its
internal localization in the virion. GP-1 and GP-2 in contrast
were largely digested by PK and a new polypeptide band of
approximately 7800 da was evident. This band was detected only
with antiserum C and not with A or B or with two additional
peptide antisera representing amino acids 272-285 or 378-391 of
GP-C. We sequenced this low molecular weight band by Edman
microsequencing and identified an unambiguous N terminal sequence
of gly-ser-thr-pro-leu, which corresponds to residues 430-434 of
GP-C. Based on this data we conclude that the spike is anchored
by a 68 amino acid (430-498) transmembrane and cytoplasmic domain
at the C-terminus of GP-2. This domain includes the predicted
transmembrane hydrophobic domain (Figure 10) and interestingly,
in LCMV also contains five basic amino acids (Lys or Arg) in the
last 12 residues at the C terminus of the cytoplasmic tail.
These residues are likely to interact with the viral RNA and/or
ribonucleoprotein complex within the virion. Considering all of
the accumulated data we feel confident in proposing a working
model (Figure 16) for the structure of GP-2 (Burns, Milligan and
Buchmeier, J. Virol., submitted, 1992).

Forces that stabilize GP-l/GP-2 interaction have also been
studied in detail. From Triton-X 114 extraction, as well as
studies with nonionic detergents and urea, we can conclude that
GP-l/GP-2 macromolecular spikes are not disulfide linked (Burns
and Buchmeier, 1991). These molecules are however separated by
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Fig. 14

Sample Preparation and Immunoblotting of
Control and Proteinase K-Digested Virions to
Establish the Membrane Orientation of GP-2

O Purified LCMV 0

Proteinase K digestion +

@ g5-50% sucrose
gradients In araiel 0

Fractions 4-8 of each
gradient electrophoresed on

5-20% SDS-PAGE

Transfer to Immobilon P

Probe with anti-peptide serum
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Figure 15. Isolation of a transmembrane fragment of GP-2.
Purified LCM virions were digested with Proteinase K (500 ug/ml)
for 30 min. at 37C. Digestion was terminated by the addition of
PMSF to a final concentration of 25 mM. Control (non-digested)
virions were incubated and PMSF treated in parallel. The
protease-digested and control virus preparations were re-purified
on 5-50% sucrose (w/w) gradients and fractionated by bottovt
puncture. Aliquots of fractions containing control (lanes 4, 5,
6, 7 and 8) or protease digested (lanes 4', 5', 6', 7' and 8')
virions were analyzed on parallel immunoblots after disruption
and electrophoresis on 5-20% SDS-polyacrylamide gradient gels.
The blot shown in the upper panel was probed with a mixture of
rabbit anti-peptide sera A, B and C (specific for NP, GP-l and
the carboxy-terminus of GP-2, respectively). The blot shown in
the middle panel was probed only with anti-peptide sera C,
specific for the carboxy-terminus of GP-2. Anti-peptide sera D
and E reacted with GP-2 in the control preparation but were
unable to detect any proteolytic cleavage fragments in the
digested virus preparation (data not shown). The bottom panel
shows the location and identity of the peptide sequences used to
generate rabbit antisera.
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IMMUNOBLOT OF PROTEINASE K DIGESTED Arm 4
IDENTIFIES A CARBOXY-TERMINAL MEMBRANE
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Model of the LCMV GP-2 Monomer
(GP-2 exists as a tetramer)

SDSSGVENPGG
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T4'

KVPGVK"VWKRR
- am

Figure 16. Schematic representation of the structure of an
isolated GP-2 monomer. Working model of an isolated GP-2 monomer
(the native structure of GP-2 is a homotetramer) illustrating the
amino-terminal hairpin loop structure, the alpha-helical (coiled
coil) domain, alpha-helical membrane spanning domain (sequence
indicated adjacent to the lipid bilayer) and highly basic
cytoplasmic tail domain. Single-letter amino acid sequences are
included where significant. Alpha helical domains are shown as
coils, beta turns are shown as heavy black arrows. Charged amino
acid residues, believed to participate in intermolecular ionic
bond formation, are indicated (+/-).
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incubation with high concentrations of salts such as IM NaCl or
LiCl. Figure 17 illustrates this fact. Following incubation for
30-60 min in iM LiCl, virions were banded on 10-50% sucrose
gradients. In the salt-stripped virions a band of virions
stripped of GP-l but still containing GP-2 waskl7H near the
bottom of the gradient in fractions 4-6; the same fractions
contained intact virions in the controls. Near the top of the
gradient we found isolated GP-l in fractions 11-13. These
results have been extended to include LCMV, Pichinde and Tacaribe
viruses, all of which contain GP-l recoverable by this method
(Fig. 18). We have established using conformation-dependent MAbs
that the GP-l recoverad in this way is immunochemically native
(Fig. 19). The observation of a GP-l (Gl) in Tacaribe virus was
very satisfying since a number of groups have concluded that TAC
had only one glycoprotein molecule, G (Gard et al., 1987). This
erroneous conclusion was reached because of the comigration of
TAC G1 and G2 glycoproteins in SDS-PAGE. Tacaribe clearly has a
full length GP-C precursor as indicated by recently published
sequence data (Franme-Fernandez et al., 1987). The MAb used to
demonstrate TAC Gi, 2.2.1, is a neutralizing MAb raised in this
laboratory with collaboration of Dr. C. R. Howard (Howard et al.,
1985).

0. Forces which stabilize GP-l tetramers and GP-1/GP-2 spikes.

The influence of disulfide bonds on GP-1 tetramer stability has
been explored in detail (Burns and Buchmeier, 1991). Briefly,
GP-l homotetramers can be stabilized and made resistant to
sulfhydryl reagents by crosslinking with sulfo-DST. At a SDST
concentration of 10 mg/ml, monomeric through tetrameric GP-l
species were seen. Conversely, in the absence of crosslinkers
GP-l homotetramers were exquisitely sensitive to reducing agents.
The following sequential changes were noted. At 0 mM DDT
(unreduced), monomeric through tetrameric GP-l species were seen.
At 1-3 mM DDT, only monomers and dimers remained. At higher
concentrations of DDT (> 200 m1) monomeric GP-l predominated;
moreover, between 3 and 30 mM the apparent mobility of GP-l
changed from ca. 38,000 to 44,000 kDa. Coincident with this
mobility shift we observed a loss of GP-l immunoreactivity with
the disulf ide-dependent conformation-sensitive MAb 2-11.10
(Wright, Salvato and Buchmeier, 1989) (Fig. 20). Based on
these observations we propose t1• model for inter- and
intramolecular disulfide bond interactions illustrated in Figure
21.

P. Purification of Native GP-l.

We have established that we can purify native GP-l molecules from
Old and New World arenaviruses by salt stripping and sucrose
gradient centrifugation, however the low concentration of GP-l
(ca. 10% of total virion protein) in the virus requires that we
explore alternative methods to prepare GP-l for purification.
Consistent with this aim we have obtained Vaccinia constructions
expressing LCMV GP-C and Lassa GP-C. These will be used in a
transient expression system to produce larger quantities of
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IONIC BONDS ARE ESSENTIAL FOR
THE GP-1 :GP-2 INTERACTION
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Figure 17. Typical radioactivity profiles from
sucrose gradient fractions of salt treated and control Arm 4
preparations. Two samples of purified LCM virus (60 ug) were
pelleted in an Airfuge rotor, resuspended in 1 M Lie1 (salt-
treated) or TNE (control) and incubated at 37C as described in
Materials and Methods. The preparations were then centrifuged
for 18 hours on parallel 5-50% continuous sucrose gradients in an
SW 50.1 rotor. Each sucrose gradient was fractionated into 300
ul fractions and aliquots (50 ul) were counted in 3 ral Hydrofluor
(panel A, black squares- Lie1 treated virus, white diamonds-
control virus). Fractions from each sucrose gradient were
electrophoresed on 10% Laemmli gels following heating for 3
minutes in 2% SDS, 20mM DTT and 500mM Urea (panel B: I M LiCl
treated virus, panel C: control virus) . Fractions are numbered
1 to 16 from the bottom to the top of each gradient. A sample of
the starting virus preparation (V) was included as a marker.
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Figure 18. LiCl extraction and isolation of GP-l qlycoproteins
from LC•c, Pichinde and Tacaribe viruses. See legend to Figure 7
for details.

Figure 19. (following page). Preservation of immunoreactivity in
GP-1 species isolated by LiCl extraction of LCKV and TAC.
Monoclonal antibodies used were 2-11.10 (anti LCMV GP-1), 83.6
(anti GP-2 panspecific) and 2-2.1 (anti TAC GP-1). Individual
gradient fractions illustrated in top panel were assayed by ELISA
in bottom panel.
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Figure 20. Immunoblot of non-reduced and reduced CHAPS disrupted
Arm 4 probed with MAb 2-11.10. Purified LCMV (11 ug) was
solubilized by incubation on ice for 5 minutes with 10 mM CHAPS
under non-reducing conditions (lane 1) or in the presence of
increasing concentrations of DTT, as indicated. These disrupted
viral preparations were loaded onto 10% Laemmli gels, without
heating or further reduction, electrophoresed at 4C and
immunoblotted using the conformation dependent neutralizing anti-
GPl monoclonal antibody 2-11.10.
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Figure 2i. The six cysteine residues in GP-l form two
intramolecular and two intermolecular disulfide bonds.



protein than recoverable from virions. In our coronavirus work
we have used the late cowpox promoter CAE I, which drives
substantially higher levels of protein synthesis than does the
7.5 promoter more commonly used, and we will attempt to engineer
the LCM and Lassa GP-C genes into that vector (p1246 and
derivatives). One unexpected problem which we have encountered
in using Vaccinia is the apparent failure of the cell to fully
process GP-C. Figure 22 illustrates one such experiment, in
which cells were infected with a vector expressing full length
LCMV WE GP-C, then immunoprecipitated with MAb 33.6 which
recognizes both GP-C and its cleavage product GP-2. While
cleavage of GP-C to GP-2 was clearly evident in the virus control
(lane 15), n• avage was seen with the Vaccinia vector (lane
12). Inste a accumulation of uncleaved GP-C was observed.
We will ek, the basis of this to determine whether it
represents a c•,-eral phenomenon or is specific to this vector
(VVB5). We will also attempt to engineer soluble glycoproteins
by deletion of the transmembrane domain.

While we have demonstrated that we can isolate native antigenic
GP-l, we are currently immunizing animals to confirm that this
material is immunogenic. An extension of these experiments will
be to determine whether GP-l immunization elicits protective
levels of humoral antibody using the model of antibody mediated
protection we have recently described (Wright and Buchmeier,
1991).

Summing up the state of our understanding of the structures of
the arenavirus glycoproteins, as it stands now we have prepared a
schematic model of the glycoprotein spike (Fig. 23).

Q. Mechanism of antibody mediated protection against lethal
arenavirus infection

Three potential outcomes of infection in mice with lymphocytic
choriomeningitis virus are possible: (1) an acute asymptomatic
infection when immunocompetent adults are inoculated
extraneurally, (2) an acute fatal lymphocytic choriomeningitis
which develops following intracranial inoculation of
immunocompetent mice, or (3) a life-long persistent infection
following inoculation of immunocompromised or neonatal mice. It
is well established that CD8+ T-cells are required for viral
clearance but the supporting role of antibody as well as the
relative importance of antibody and T-cells in resistance to
reinfection have not been examined fully.

Virus-specific antibodies of the IgGl isotype are found in the
serum of LCMV carrier mice; still the infection is not cleared.
In contrast, anti-LCMV antibodies of the IgG2 isotype predominate
in convalescent sera following acute infections. These antisera
effectively neutralize virus in vitro and reduce viral titers in
vivo in passive transfer experiments. Furthermore, the presence
of anti-LCMV monoclonal antibodies can prevent the fatal T-cell
mediated lymphocytic choriomeningitis (Wright and Buchmeier,
1991). These studies indicate that antibodies may play an
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GP-1 tetramer +
globular head + +

GP-2 tetramer
extended a

Envelope

NP (RNP complex)-.:.:

Figure 23. Proposed working model of the LCMV glycoprotein spike.
The disulfide linked GP-l homotetramer forms the crossmember
component of the LCMV spike which associates with the amino-
terminal hairpin loop of the GP-2 tetrameric stalk via ionic
interactions. The alpha helical coiled-coil domain of the GP-2
homotetramer forms the linear region of the stalk. The
glycoprotein spike is anchored in the virion envelope by a
stretch of 15-25 amino acids and contains, within the virion, a
highly charged carboxy-terminus allowing for ionic interaction
with the ribonucleoprotein (RNP) complex.

important auxillary role in controlling LCMV infections.
Therefore studies were initiated to further evaluate the
requirements for and role of antibodies in resistance to LC14V
infection.

Our success in demonstrating protection of adult mice against
lethal LCM disease led us to perform a series of experiments to
address the mechanism of humoral protection. The first series of
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experiments explored the potential for passively acquired
immunity among suckling pups brn of immune mothers. Dams were
immunized by infection with 10 pfu of LCMV-ARM 30 days prior to
mating, and the litters produced were nursed either on the immune
birth mothers or on nonimmune foster mothers, then challenged at
10 or 14 days of age or at 5 weeks. It is evident from the data
shown in Table 14 that pups nursed on immune mothers were solidly
protected against viral challenge at 10 or 14 days postpartum,
but that this protection substantially diminished by 5 weeks.
Moreover, nursing of pups born of nonimmune mothers on immune
foster mothers and the reciprocal combination established that
protection was transmitted in milk. To eliminate the possibility
of immune T-cells transferred either transplacentally or in milk,
we passively transferred MAb 2-11.10 to nursing mothers
postpartum and then challenged the pups at 14 days of age with
either ARM-4, which is recognized by 2-11.10, or ARM-5, which is
not (Wright and Buchmeier, 1991). Table 15 shows that only mice
receiving 2-11.10 and challenged with ARM-4 were protected; ARM-5
challenged mice were not. Thus the specificity of transmammary
protection in vivo exactly mirrors that of the 2-11.10 MAb in
vitro.

The ability of antibody to clear viral infection was tested by
passively treating nude/nude LCMV carrier mice. Figure 24 shows
that a single dose of MAb 2-11.10 or 36.1 reduced virus titers
substantially within 24 hours. To determine whether MAb could
block establishment of a persistent infection in aude mice we
transferred antibody to a cohort of nude mice, then challenged
with virus. As seen in Figure 25, MAb delayed the rise in virus
titer which normally occurs during the first 7 days following
infection, but eventually with clearance of the passive antibody
titers rose to levels equivalent to those in untreated controls.

From these experiments it appears that even in the absence of a
fully functional T-cell response, antibody provides a potentially
useful means of reducing virus burden in an established infection
in vivo.

Humoral protection against challenge did not require the
complement pathway. Table 16 illustrates that both B1O.D2/o SnJ
and SWR/J mice which are complement component C5 deficient were
protected by MAb. Protection does however require a
completeantibody molecule. F(ab') 2 fragments prepared from MAb
2-11.10 retained essentially full virus neutralizing activity
measured in vitro but lost the ability to protect against
challenge in yj.vo (Table 17). Taken with the complement data,
these results sua'c:;t that Fc receptor- bearing cells may serve
as important effectcrs in humoral protection (Baldridge and
Buchmeier, 1992). le are continuing to investigate the role of
antibody dependent cellular cytolysis (ADCC) in protection
against arenavirus intaction.

These results clearly indicate that preexisting antibody protects
against lethal arenavirus infection and that the role of a
humoral response has been underestimated. Therefore vaccination
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strategies which stimulate such a protective antibody response
are important goals for future research. Furthermore, the
demonstration that passively administered antibody is able to
reduce preexisting virus titers in vivo suggests that specific

humoral immunotherapy with monoclonal antibodies of human origin
or with recombinant human-mouse antibodies is a real possibility.

R. Effect P& humoral immunotherapy om Iate neurological disease
Lduced h I n rats

LCMV inoculated intracerebrally into suckling rats results in
development of a T-cell dependent neurologic disease
characterized by. cerebellar hypoplasia and necrosis and ataxia
(Monjan et al., 1971, 1974; del Cerro et al., 1975). Ataxia is
evident by 21 days after infection (at 4 days of age) and in our
experience the rats survive for 3-4 months with residual
neurologic deficits.

We utilized this model to determine whether passive immunotherapy
could be of value in altering the course of this neurologic
disease. This is particularly relevant since Junin virus
infection in man is frequently complicated by late neurologic
disease in patients receiving convalescent immune plasma. We
utilized a panel of rat monoclonal antibodies described
previously in this report for these studies. Table 18 describes
the specificity and titers of these antibodies. In a manner
similar to that observed in the mouse, we found that passively
transferred rat MAb to GP-l blocked the development of cerebellar

Table 18

Rat Monoclonal Antibodies to LCMV

% Co pjb
MAB ANTIGENa WITH ISOTYPE PRD50c ELISAd

SPECIFICITY 2.11.10 TITER

8-12 GP- I (NP) 80 IgO2a 5,623 12500
8-13 OP-I 98 IgO2b >10.000 312500
8-24 OP- 1 (NP) 47 IgO2a 25 12500
8-40 OP-1 90 IgG2b >10,000 62500
8-50 GP- 1 92 IgO2b >10,000 312500

8-14 NP(GP- 1) 10 IgG2a 10 500
8-26 NP 15 IgG2a 10 62500
8-32 NP 15 IgG2a 16 >312500

a) Antigen specificity was determined by western blot analysis.
b) A competitive RIA using radiolabeled 2.11.10 was used to further define the

binding specificity of the rat antibodies. The mouse anti-LCMV monoclonal
antibody 2.11.10 defines the GP-Id epitope found on the Armstrong-4 strain of
LCMV.

c) The neutralizing capacity of the antibodies was determined by the plaque
reduction method. The PRD50 represents the dilution requircd t eliminate 50% of
the viral inocusum is measured by plaque assay on VERO cells.

d) The ELISA titers represent the reciprocals of the last dilution giving an
absorbance reading of twice the negative control and greater than 0.1.



disease in Lewis rats (Fig. 26). As with the mouse model,
protection was transferred from mother to nursing pup in the milk
(Fig. 27). By immunocytochemistry no viral antigen was
detectable in the brains of protected rats at 15-26 days.

These results establish that monoclonal antibody protects against
the chronic neurologic disease induced by LCMV in the rat and
suggest that a similarly designed strategy employing human or
humanized monoclonals may be of value in treating acute
arenavirus infections in man.

Although this contract has expired, this laboratory will continue
to explore this model while also moving toward engineering human
monoclonal antibodies to arenaviruses of clinical importance. We
feel that the studies carried out under support of this contract
provide a firm intellectual basis to justify this effort.

S. Function of the arenavirus spike: Early events in infection

Entry of RNA virions into the cell generally follows one of two
pathways. Many viruses (e.g. Sendai, HIV) fuse directly with the
plasma membrane of the cell and enter directly into the cytosol.
Others such as myxo- and paramyxoviruses utilize an endocytic
pathway in which virus is taken up into endosomes and in the acid
environment a fusion activity (usually of the spike protein) is
activated which mediates viral entry into the cytosol.

Knowledge of the early events in infection is important, as
receptor binding and uncoating are two stages in replication
which may be accessible to antiviral therapy. We have already
shown that GP-l binds to cellular receptors arid can be inhibited
by certain monoclonal antibodies. We sought as well to define
the pathway of viral entry by inhibition of the endosomal pathway
using chloroquine and by direct biophysical measurement of the pH
dependent fusion activity of the glycoprotein spike.

Virus yields were quantitated in the presence and absence of 50
uM chloroquine added to calls either 1 hour before or at the time
of infection. In both instances inhibition of virus yield was
92-92%, indicating that LCMV utilizes an endosomal route of
entry.

The endosomal route predicts an acid-dependent fusion activity,
therefore we performed fluorescence dequenching assays using R18
rhodamine labelled LCMV and multilaminar vesicles. Using this
method we observed a pH dependent fusion of LCMV with both
phosphatidyl serine and cardiolipin multilaminar vesicles (Figs.
28 and 29) with a pH optimum of 4.5-5, consistent with
intralysosomal pH values.

Interestingly, we also observed that the GP-1 head of the viral
spike protein eluted at low pH, suggesting that fusion activity
is activated following dissociation of GP-I and exposure of the
N-terminal domain of GP-2. The mechanism and specificity of
viral receptor binding, spike conformational change and fusion
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Rat Monoclonal Antibodies to GP-l Block Cerebellar Necrosis

% CEREBELLUM/BRAIN

MAB VIRUS EPITOPE ISTYPE 0 5 10 15

NONE NONE - -

NONE ARM-4 - -

8-13 ARM-4 GP-1 IgG2b

8-13 ARM-5 GP-1 IgG2b

8-12 ARM-4 GP-1 IgG2a

8-24 ARM-4 GP-1 %G2a

4 ARM-4 GP-1 JgG2b

S-so ARM-4 GP-1 JgG2b

8-14 ARM-4 NP IgG2a

8-26 ARM-4 NP IgG2a

8-32 ARM-4 NP IgG2a

Figure 26. The percentage of the carebellum to total brain weight in 21 day
old Lewis rats was assessed as a measurement of LCMV induced
immunopathology. Suckling rats were challenged with either the
Armstrong-4 or Armstrong-5 strain of LCMV at 4 days of age. Specific
groups of rats were also treated with rat an'i-LCMV monoclonal antibodies
by ip injection of 0.1 ml ascites on the same day as the viral challenge.
The monoclonal antibody 8-13 recognizes the Armstrong-4 but not the
Armstrong-5 strain of LCMV.
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Mother to Baby Transfer of Protection Against
LCMV Induced Cerebellar Hypoplasia

% CEREBELLUM/BRAIN
MATERNAL VIRUS 0 10 is

STATUS CHALL MAB

NORMAL NO NO

NORMAL YBS NO

NORMAL YES YES

IMMU YES NO

Figure 27.The assessment of maternally-transferred protection was
determined by comparing the percentage of the cerebellum to total brain
weight in 22 day old Lewis rats. Suckling rats born and nursed by normal
or immune dams were challenged by ic inoculation of (OO PFU of
Armstrong-4 at 4 days of age. As a positive control for protection a group
of pups born and nursed by a normal dam recieved the protective
monoclonal antibody 8-13 by ip injection immediately following viral
challenge.
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JLCMV Fusion with PS MLVJ .
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Figure 28.pH dependence of the kinetics of fusion of R18 (Octadecyl Rhodamine)
labeled LCMV with phosphatidyl serine multilamellar vesicles (PS MLV):- Ten jig of
LCMV (viral protein) were added to a cuvette containing 10 I~g of PS MLV in a PBS
buffer at the appropriate pH.L The cuvette and buffers were maintained at 370 C. An
excitation wavelength of 560 was used and an emission wavelength of 590 was used
to observe the R18 probe dequenching.

ICMV fusion with CL MLVI
PH 4.6

- PH 5.0 ___4._
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Figure 2 9 .pH dependence of the kinetics of fusion of R1 8 (Octadecyl Rhodamine)
labeled LCMV with cardiolipin multilameilar vesicles (CL MLV): Ten Ixg of LCMV
(viral protein) were added to a cuvette at 60 seconds (arrow) containing 10 pgg of CL
MLV in a PBS buffer at the appropriate p1H. The cuvetne and buffers were
maintained at 370 C. An excitation wavelength of 560 was used and an emission
wavelength of 590 was used to observe the R18 probe dequenching.



are topics of continued study in this laboratory. It is crucial
to understand these early events in arenavirus infection to
design rational strategies for control of infection in man.
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1, INTRODUCTION
* ~~~Thc arenavtru% famitly contains sevcrul distin~t % ,~e with marel z~ cetbcita

propertic-.'ý Each %iru% i% assitctited in the wikl s%ith a particular rodent host aind ib usually
found in welt-defined geographical reini e.. Lassa: West Africa. Junin: Ar~enuinn..

* N~Machupo: Bolivia. In contrast. lymphocytic chorii'meningitis virus e(LCNIV). the prototvpc
* ahvnavirus. is widely distributed throughout the world isýee Table I). The viruses aire main-
- tained in natural rodent popul~ations by bo~th vertical and horizontal transmission. Despitc a

life-long virernia, the ixlents normiillv show io .overt -N iLOs of di ýeise except under condit(ions
of extreme crowding or stre's. Primar-' human infection oicurs tram contact with infected
ainim~alb or their cxcrcta. Lasisa tcser transmnission tit wan his occurred via contaminated

* blood nr syrnnvei.
s ~LCMV infection .)I laboratory niicc: has prrovided art ecelient model (eir %lr-us-host in-

teractions and vir'as persistenct in viso. IDifferen~t sirain,, ot LCNIV h4%c been ,tudied in
* dilfcrcrnt laboritories. and %'ubstannial informattun ha- been ac:umuitatie relating to (1111cr-

cncei ill pathogenic putentlal.^ Re 'lvy. cDNA cloning and nucleotidek sequencing exper.
* . inent h ave gcncraited inhtormatian it) c ainiin differences between arenavirus~e% at the molecular

level It is atow porsible to predict primary amino acid \cquetices for the major Structural
4prk)Wini mnuvlcocapsid prutein INPI and ~l~poenprcttitsrr IG;P-Cj, cncuded h\ aren-

*iviru% uicoit~tic S RNA 'ienicntý. Direct com1partions ot thLsc- rredcictd piotein %CqUenCCs

idcntily both 4.onstrvecl regions ind divert-cnt ret.-tns, which may be invoked ýutn rrmodi-
-I ~ficaotion% to pathogenic poiwntia

I: thi chapter, we will review %ariatioiis anongarenaviru~es arid arenaviru\-induced
dsae.spctcialiy inexperimental liiitr nctoskvrlatiunt bet'xc jj. tae

* ~itmd viarl genv products ha-.e been e'ihliohed u~iii reas'carint (irnixet ocnutsPec WI
rue.: and, with 'equentce iniornaxion nloma, asilable. iti- pcs psibic to fccancilc i~rjlnatilI d~lrcnc.ir, biolnavical propertics of \,trst:, \%ih relatively MrA l nrnbcrN of amino acidIchange!, in viral ,truc'tural proteins. Thcre is a puN~ib!Iit that rcds',.ortani \inrj~e, infldýk

;irLc itnature and be rcs.ponsible for the appeairane- ot tiev, arenaviruscs and a \v~det

IL. HISTORICAL BAC.KGROUND

Perhaps the first record of an arenavirus infectious agent ',uhseqiacntly to bt numed
ly mjhncyimc chonomeningitis \itu'i relates io a patient wiho ha~d died durznk the 1933
epidetnic of encephalitis in St. Louis. Using material obtained it ;autopsy Arrm~trone and
Lillic passed infection in nionkeys and recoveredf a virus which. 'in ilie basis of ratIo~lo~til.1

iiosin itacro ali n~tcze mtinkc\,s and mii~c. wi-j,. dc~iiinated the 'viru% tit exper-
imcnitai !%niphuc~tic chorictneninty its*". Shortly _iatcrw~tids. Traiub isoiated a %iru% iron)

I an experitnentaf mouse colony," and Ri'eri asod Scott rvck1seicd iiruscs fronm two paiencits
%hho had been ireuted tor nonhicterial flietiriitl,. 'Otte tit these patirris Nsab kno'ji to
haic worked iwith micc shown to t'e aitifc.cici by Traub, but the source ot' iniceono tor ihe-
'-econd patient remainied unknown It %v.i'a Luic:kl\ rethlicd. that thec-t indepcndentlv nilated

Iinfectiotus agent% were clo~cly related, and the naite l'oiphu,;\s uL burl 11~io nnc t is viru%

rhere huse mien a niumber ot: doocunicnted ut human Jtea~c cliused liv LCN1V
iliectili in Fur c.tainple. tin (the e.Lrl\ j)(ts in uuih1!eak ut LC'X1 V i(csurTed rciuiting in finess
ttchildreni ins! Liults. The ýotirce of virws %kiN linked tii perbssentlN iniecied tunior ccli

ilnes and infected pe!t haiinsters. that had bc~n ohainiied trim a rpcrsistently infected breediri:
culoitv - Must LC%1\' itttecuons Of adult, rctsult in sub-kmciui;L, 'intluenti'hike" tllncests
and are usnuaily resoiscd \% ithutit ijnhvr cnntphixaioii. The % iriN is,. homever. WidelY rCp-
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rcscntcdl in the U.S. is jbi ut I 1 t0 20LYi Of the population %how -a positive seiuiiil U111ihtdV

A nurtber of distinct urcnavirubts ha~c been isolated and Identitied in thle Arliercaý and
inl Africa (reviewed in Reicren:ctý 3. 4. 3nd 19. see Table 0t. In tentis of human discase.
Uý~s~a vitiis in Africa and Junzin and Machupo viru'es in South Amriecai can cause severely
debilitating anid, on occasion. fatal ifliecl~uf%. Individtuals from outside areas tacc the ilrc-atest
risk ol strious infection. ailthough infections are no~t uncanitrion aniong! itive populations.
Clinical descriptions of human infections with Lassat. Junin. and Niachupo viruseN have
rccentiy been presented elsewhere' und will not bc reviewed again here.

111. PRINCIPLES LEARNED FROM LABORATORY MODELS OF LCIV
INFECTIONS

Traub, first descrihed the Phenomenon of persistecnt LCMV aintcction ili iaborator-v mice
and the iundajiiental pat.n~vnic con!sequcnces otf aeutc \iru\ o;fIu r~r~a n-
tecticrn oi in aidult animal results in death 7 to 9~ da> s postiniection. \%Icrea, eCilmicit~i~l
.nfcctfion (ii ai newborn animal \xithin the lirsi '.I lit ot l~il, rcsults tn a pcrý-itcrtet inteicion
wiath life-long :,ircmnia The acuc lethal itifectiton ot aidult aniit'ak \% later shcwwn bN Rm\e-
t. )c initiune miedwited. aý infection ofý adult. immuino!uppressed aniniais resulted in a
p-rsihtent infe'-tion. Per-1t'icndy tafecied anlimals ire miw inlcrint to tilec %iru% hut prodjice
.4ntibodies directed Au.-itit .ill knou n OAi i ti ýictural proteiins thiat reaic, %-t -nal antigecn"
in the Lirculation to iorip anti gen-.inuibody cirniplexes.' "Accmulnunuon of these ;ornpic7c%
tesukis in vur~uig degrees kif . rnmune-complex dmiaea~. hldeed. LCI% pcr~s~tent intection

ias~~ b)i temdel \Nyictin for ludsyino virus on :nune coniplexc'. un.j many tindrn-, have
S~ibscqucn~ly beeni vegended bndivcrbc infevicin-, nit irind aflinimas irevieoked in Ret I rence-,
2.4 arid 2!i .

The r-rc-nucin (it' lethal. iriruccrcbral infec;tion in -a~uI: mnce nN imriunii~uppression ,.nd
the .ippewarice of immnune complex disease in perlst~cnhlv inlected miice C~tatlislled an
impo~rtint inaolvemeni hit the hoil ininiunc responw. in the pjth(.)ýoncss uf %iiJ-ir.JiuLcd

dincase For cvumplc. Atud) or the immune ri-ponne to LCM\ diuring auLtc infection ilii

tr i th 1,i~t description (it c> teoxic T lvmphn%\c-tc tCTL)` 'ink the hindi~l that such ic:lts
reCzriLLd 110il1 a SPeCýfi' 11i.al determinlant anda a ' ni niator h~i'crornputibilitý pro.

~i~These tih~crvutioit. first recorded with LCNIV intecitv n. have been Cmtended Ihrouen-
out the nrulen of tnicrohioloLcy to otliei animals. min. *ind ;n:'ecticiw; aecnits In both icute
;ind persistent intectivns. diseawe frequently follows Ironm the inimunec responise to the irus
~iahcr than bring c:~used ditrectly by Nirus replication, More recent %%orl his described ihe
ability of this nonlytc '.inus to replicate in differentiatied celis and alter their spccitic dii.
fcrr:naiaion product, leadingz (0 altered homneustasis and disease. "

IV I.CNIV VARIANTS (STRAINS) AND DIFFERENT B1IOLOGIC
PROPERTIES

[.CKV his been recuutnied a!, a manipulaible anti ropri oucihle niodl l or infection iii

labori.-ory mice. aind ~everii inve-.tn--itor% h~ie estahii~hcd fitdependcnt r\ini !sohils th1at
li jv ub'eijucnily beei pa'o~ive ondcr ditf fore nt condiiitons Th.: has ~cencractel an cxtcnsive
J!id s,111i0iiitmv~,ilar li;cr.aurp to, LCMV. h.c, r ;. ..ir; oh.atdrpr!
het\4v.-cn publishvid rcepuris oltien te lect the rgenrera ion o-' %iTil ariUTsIJ isiraiii~i %iih tun-
djaminiaiil dii icrctii priipert:ics

li1W NZariai~ti rc%ultirig I riin inteciotis with mLan\ diilrcrýrt ctrnbi iiationis (11 ni nii irid
%ru% \trainl% i) surmmon/Ld inl Table -' Whe'In mice ir,, inrCetI'J %s thin ihe tir-Ni 24 hir oitcr

birnh incwhiirnst. there is an initial pcriiid 41f activc \irL% reph~icain anJ rc~cavc: is, prroenv
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Table
LCMV STRAIN AND DISEASE ASSOCIATION

LCMV1-6nduid diiew or
pbaMitiia11 ARM E-JSO 1%E PASTEUR TRAU'B

Growith Horilftc IGH)
ibericielmy in Fersisit(nili,
infected C3H.,Sl mice

Death.
HNWIlycemua+ + 4i nti

POO( growth I-t.+ na nIlI
"rj omlf,I conouninn ;"JS%' >V . l01 4uli

viral iflhlgen
Hyperillceria AOnomiI -*

gluxote lolerance leSt in
SWR/J. 13ALK mmie. 0
cIlis inl i%lctf, of Langer-
hans of p~ricte.2 co~n-

Ii aii1uic uzifiplrxn~ ii 4' 1* 1

persisienrlý, infected
.SWHJ mice

Acum deathr ul adu:1 riu wimf 10' - !t I
guinca pigi PFLI PFU

virus pamicslU ol!,owed by an altered pautem of viril evne ex.pression that marks the pro-
,ressioul troin zicute to piersimrent infec(~on. Molccuiar dctails of !his rcculaiorv chunge arc
staill hcInV. LIC.Lritwd There i.s .4 sinifkioum reduction ii-tile releasý oliInfecliotis % iris p~irttclIts
that correlates with redticed ex~pression of~ the \iril ;I n-protcinv but vriral nUciCIL acid
scquences and ii ral nUC!Coprtotel:l COntinue to 4czuniulal~e.: 2' 'n most cir'umstznces. LCMI\
;nfection oif newborn arlimahs rcvult!s in maiinfenin,:c of low lcetve, %A virus 1 1' to I &) plu
p':,r grani ol tissue or pcr mt (A Sci-un; t ad Subslanltial airojot- of imracelfular 6. iral nuclcji;
acid throughout the life-span. Circulzating antibodlies directfed againim \ir,,l proteins, combine

wihiral antigecn,. to tormn immune complexes thatC trequenhly complicate the Infection For
example. certain mouse strains. i.e.. SWR,,i, ire hich level antibndy responders to LCMIV.
hut u(fiers. like BALBIWEHI. arc low rrspcndcrs.' Responuses drC cunircil~td by I riuitibe:
of host g--nes including immune response penes (Ir) locatpd within the hi~tc~comnpatibility
complcx Non.H2 gentvs also play a rolc Somc pe-r- itcn~i) ineted animals manitecst subtle
alterations in specialized cell functions. c- .~ hy.perzlycemnia (clue to Infection of bcta cclis
of the islets of Langerhans) and decreased th 'iroid hormone" (. r and T.) le, els due to
pertsisicot infection of thyroid follicular ccils.

Aseiere growth hormone deficiency, disease i'u~curs In I 3- io 3O-da-. -olJ C311 St i011ce
thati have bccn inoc-ulated it birth with LCMV Arm or L-350 strains. flu5 Ie-k finS ap
proximately 9.5% (if the animals dying from low hNood sug-ar These inlcc!ýd unimils tai
to grow at the same rate as 'ininjected tittermaies and. it the time of death. show .ihout a
56O7 %ci~'iit reductiun rcitiuvc to ý:uniruis. Such tanhlnals navec iouwered F~ru-xih hornio~w icvcik
in the pituitary. and reconsutfuion experiments invi-isolg the introduction of rat piluitarv
cells (the GH3 ccll linei that sweree prow4th hormione allow the infected mice to (levelop
nonnally and maintain itorinal blood glucob "ee.~ I his reconstitution expzrinieit sug-
g~cbtb ihal a detect in growth horoneun I. rcsponrimbk for ahnori-rat i.rowffi -.n deve-flopmcnt.
L.CNV ARM and E-350) replicate extensively in the gruowih hornine:.prioduc:;nL' telk. sshike
the other L.CMV strains. Traub :!d WE. that tall ito induee Li.rowth hormtone disease. replicate;
pooTh in growt~h hornone-synthesifinge cell'. "~ Intereslitnuls.te vr tri iabW)

) tee iu, tri-,( ju.UE
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Tiable 3
[CNIV RNA SEGNIENT AND DI1SEASE ASSOCIATION

LCUNl stran 1.011* KR%%
I.CI% -induegd dilem-ante s3 4rfl1@fli causini

or phinominra ~ iruicnt A~iri't~nt diftas.

(Uvtmih homnmes deficirct\l in ARM Wk- S RNA ARMI
pvir%Imentiv intecicd C1N.'Ni
Mixc ipu~jr growth. h~pogiy-

Acute dealh in .idult fuinca %1` A RM L R% A A~ 1-

tImmiune conipi~ctic in perwo~. ARNI TRALB S RNA ARM1
ently into-tcd SVW Ri mi~ct

tnirtri.n.~~bji~er nccnŽ- WE ARM L RN1'4 ni %NI-
kii .inj tki~ih nt 6ALB: AR%.1 WE _S RS A ,IAR
NVI-HI M~ite ARNI %\VF

Iftilucittf ini m I~id M Vfifiotit ARM P-XiSI I:[ K S RNA'I\K~

CytlxcI Iymphi.KstWi

replicate in C3H niouse liver and spleen and show a typical. v. idcspreud distritbutiun tit iril
nucletc acid 5equeflces ajnd Inectious .,tru% in most lis~ueb. Hernec. the prossh horitioine

d s o~.rrdI31C. %-,Ith vlrwý rpc III in e~eC;C, LC:;,ot the anrtor ptiu~iar'..HuC..
it is not vet clear %hether the diffetenes in LCMV stratins and di.,%:ac poticntial are exerted
at the level of virus ads~irption Lind iiIccoatint! or a, the level of \ irub replication %t ithmii the
tarowth hornionc-pritducing cedls of thc interior pamtinar\ . ReassNortarit viruses. m.ade hctwLefl
an LCX1V strain, that cautc% d~scase iArmi) and one trat dcies not WF hase beeil Lusek I(:
establish tha~t the growth hormone disease is associated %kith the S RNA mzpnent til th,, Attn

"stan and. by iriplication. genes vneodec! h,, thzt !c niernt. Vite .9 N\L~o~ h
nucleocapsid protein Lind £lvcoproteins Thkis su~eesis that the -_ross 10 hormione disca'c:
may rfeta tropisni of' Infection rather than d ittere nttit rcptaeatdiion L'ecause the viral rtcplmc..I~e
functions are encodcd by the L RNA %qrricnt

V REASSORTANT GENOTYPE LCM VIRUSES

The isolation and chara~terizatton ot rcasseitlAnt vinises from unique parental LCIV
strains has produced considcrable new informition" " (Table 3). Simultancou~s ;nfcctions
with the two parental %iruscs allowed random inieraictions betihcc; input L and S eciiomic
RNA "eCments, and reassortarn viruses of' tnixed genotype. were Identified in the priifrcn>
\itru% population by screemnin with monoclonal ;intibodies and ntiic!ee' acid h~vhrtm1iL~Ifi01
probes. Recevery (if both pairs of pouentiAl reassortant viruses itf'r csaimple. Attm L:%kF. S
and WE L:Arm St has iallowed an unamnhiz~ious assignmient oif hiolugicdt t unction tin I
gcnomic RNA !egiticnt In this way. growth hotinone di-wase In CIH mice has Lbeen nwppedj
to the Armn gcnomic S RNA segmcni. - and a lethal infection in aidult .ýtiinea p correlate.%
Aith (lie presence of the WE ýenoinie L sc'rnei: 'b T~areet ýpeeaticit% tor 142-resiricted (.I -

killing has also been mapped 1o (he LCMV ucrnomIL S RNA %cgnieni
'fhe friequcticy ot reCLOserv uf reassilitantit ru~et; appear, to hanr i'jri,!d accir'JinL! to ;he

Pair~ing o-f parental LCM V %train%. Rcaswnrants between A\rmr and PVistcui %here recoisercd
it sivntiCfifltnY gruajtcr lrequericý than Arm and WIL reasm.inrtmrt '[ I it suc!Leesi that
tran~stcripion 0.do .elcto ltnLi r-nadPseur :;ljv b%: more closci' rv~aick!
thin for Arm and %%L. and rajises the pss,%hlb. itnt oltiuatiotal cuhanc ,it rceilnoxrs siies is
,Iipwrcquisilc fur st stIpropatigim ut reassolarit %irusc.N Lxpeiinients ,n'os in~rect
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U4NA ~equmcingt ot v irion RNA piepirartttoi are iv- in ptoqresý, to, jim~ngc th.. ircqucn,.%

.'t sctucn%:, Lhanot: ai the Ptopulaim- lec 5aht. el at. unpuhli-aied c~ii

%T. MOLECULAR BIOLOGY AND SEQUENCING

Recently. a number of labotaior~cs have initiaed molecular cloingr experiments %%ith
arenaviru; genomiic RNA wScments." Ditf7crent Ioncd cDNA ixquen,:s are now% %064
for (he following applicationti:

I. Eviluation c4 the comipleic e ineic potentii.1 ot the viru~e%.
2 Pruduc:tion of hybridization pTL~xCS (t) monitor N I T.11 g@f4 v\Vres4R'fl aind Fene ~tain

i. Comparison- of nuclewoide and ipredictcdi protein SCqLlcI1ceS lot thc dhii irefli

4Invesu-ti~tons ol the mnolt:cular hji% idi arenaviru't.mnduued discasc

Tho geflornic orgntwaiion ot' the %-iral S see-nent in'.ol'ves an unu~uii unmhiscnt~o Celle
codii ~an~men ' tevi~d n \lurn I.Chater9t.Both the nawtr wirI trui.dural

proitmn~l NP and GP-C are encooed by ihe S RNA %egnient - NP mRN A is compleinentazry
to Ow e enomne. uhcr,:as GP-C niRNA IN lit the !ewof the cenomte The NP irid OP-C
coJinc recions do not overlap and arc separawd tw a 'hon intergeniL hantmin The hairpin
rc~nor. and the arnbiwenw gene urcanixttst;io re live'i be trnvok'eU in rveaauiia:f and
J11scrttnination between transcription nd rep~icatiun."'" but detatked schemne: ate nut prewnfltv
Jv a iib Ic.

The gentiec btructure or the vi-~.ol L RNA sqvie-tt iý not u-~ weli d.-tmed. There is, it very
long open reading frame Ahic:h 1,arpprcntk- ýtti~Jcd %with .nthcslN ()I a 150.- to 2(X).
Wiltton viral polymerast: or rcplica~c protein V~h:s codini! region is asnociated with a mRNA
that is comnplementat-y to the L segnieitt.

\:fL CODING ASSIGNMENTS

The major viral structural proteins NP and GIJ-C !:e been mnapped to the s RNA segrilett
h\ht' erncit itnJ hitochcmicai zwrlniquec...7 Delinatte cxpcrimrnirtN uofl; afticrJ to

synthetic Peptides derived front recion, of thre predicted pfoein -,eqttetces htaw shown thait
the gene order for the S %egrninr I .'~ NP. GiP.2. GP. I. 5'. '"' Ckea'agtc )( the CIP-C
precursor. to release the mature OP. I and GP-2 spcctes. ha!, been mapped to residluces 262.
263 in OP-C."' Antisera raised acam.i st vnthetic peptiles that convetve. froin e:ther ,ide of
(his, ,lie rectoniznl. retipectively, G11-1I n the amrnino-terminai part of GP-C. and (IP-2 in tnc
cartuixv -terminal pirt The LC.IJegta site. cntijinine tci~ aditacent basic amiro .-:cids. is I

ijii ;dbctwecti LCNIV Alino and WVE. Pichtindc. anid Laisa S iruwsA 1iietr-MiOIC~ular-
weiehi rpuiatm'e polymerlise (L protein) originully :wsiped to the L. sepment h\: %170 L~im-

%tdcr:ittons has now bcen detected using antboddie to L-derived %ýnthetie pcptlide' Sinitlar
e~petrnnenti usisng atimtpopti antibodies %%IIl be w~ed to evaluaic additionadl pownttiaiI protein
co~iflt regionx that inuay be detected itn yerinmui 1. (:DNA clones.

Vill. TERMN1IAL SEQU'ENCE HOMOLC)GIbS

The 3' terminal seq~uences III the -cenomie: L aind S RNAs iie identeicl tor 17~ ol thre tir-1t
I')11" 1~*i~h,~11 fir l S seýCiitliit( t11, i' tcriiin-at sequcnLc iN kompiviinetieit: % t) the 3'

Ncqu,'nLee There is no sequenrce fillIiormatjuii :urt4;rit1\ x.i.tilibi: ito itie ecilowic te ' L
terninuis, but, by anitlogy with S aind twither sinesriddRNA virusesN. \%: Lin aimiciflate
prL,,2rvation ol the coiipleieneitwr% seuence: tharaicter. These ternminal sqtc pruoahI%
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Table 4

SIGNIFICANT AMINO ACID
CHANGES IN GP-C'

GP.C residue I.CMV am LCMV WE

1t0. P
.133 S

173 T 5
174 F
177 A I
INt Q M
216 K Y
210 T R

S A
265 A S

3fl A

.iP.C r~oidue% I to 262 = GP.; :61 to 448
= OP-2.

represent binding sile- for the viral RNA-deprndenc RNA polymerase and!or a nucleation
site for the binding of NP in the formation of ribanuleoprotcin complexes. Auperin and
Bishop 4" have noted the presence of in additiural G re.sidue at the exact 5' terminus oif
Pichinde and Lassa S genomic segments and have suggested that this may function to
discriminate between the 5' ends of the genomic sense and Penomic complementary wense
RNA.%. This additional G residue was not reported in the complete sequence of the WE
gcnomic S scimemnt.' so any suggested function for control of replication requires further
experimental support.

IX. NUCLEOTIDE AND PROTEIN SEQUENCE CONSERVATION

The LCMV strains Armstrong (Arm) and WE represent the most homologous pair o!
arenaviruscs for which sequence information is presently available. In the S protein codin.v
regions there is 80 to 85% conservation of nucleotide sequence with transition! occurring
much more frequently than transversions, and the sequences can be aligned without any
signif•cant inscrtion or delction. Conservation of amino acid sequences is somewhat hicher
t90 to 957.H, indicating (he silent character of many of the nucleotide changes. There are
only a linmted number of amino acid changes that might he expected to produce: significant
changes in the structures of the foldcd proteins, and well-characterizcd ditfterences w,; b•,-
logical propceries or reactivities with neutralizing mnonoclonal antibud"es4 2 may reside in
singlc amino acid changes"''' (Table 4). 0

On the basis of protein sequence relatedness. LCMV shows sornewh-t L', .,rpologv
to Lassa than Pichinde. and Lassa and Pichinde are are no more .•,-et\ -Xc:., LCNIV
than they are to each other." The viral structural proteins Nho%ý ,ehi .. :.\ -, rci,.ns
which are interspersed with divergent regions. This type ul arra,,e•r.. '..; ~e,.iously CU.
indicated from cross-protcction studies and conserved ind unique epitop:s that had been
defined by monochlnal antibodies,." The alignment ofi amino acid sequcnces tor GP-C
molecules indicates that the yreatest diversit, occurs in the region between residues up-
proximately 120 to 240 in GP-l (Table .). This alignment has been madewith the minimum
number of gaps being intr,,duced into ihe amino acid sequences and emphasizes sequenceo
con.-crvaiion arnong the GP-2 molecules. The mechanism oti sequene evolution .inmng Q)
arcnaviruses remains to be elucidated, but ihere is now substaninl cumulative evidence for
a common ancestral ,irus that has diverged while becuming fixed i: T4Btinct yeogruphical
locations within ,pectfic rodent hosts,
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Table 5

XRENAV:RUB GLYCOPROTZ INS

xAN KaQIvTMIA L.PNI~ICVIN 1'MvL1V:T GIKXVYKrAT CGIFALISF~L

E~ UlGQIVTKFEA LPH4I! EVZNI IV!!VLIT S KAVYNFAT CaXLALVSFL
LA MC0IVTFFOZ VM ZEX'?MH I'.'LIALSVI.A VL1XQLYNAT C3LVOLV.TFL
rV HO9ZVTLXQ5 rPEVLQEVYN VALIIVSVLC IVXGFVWJU'R CaLQVLvPL

COMEIRVED NCQ1VT p EV 4 1 K II CG L FL

LLfGRCC;My GKGPOIY', V'YQEKSVEYD .4sH 4LTKPN AMURNNI4HY
FIAOASCCN OLNGPOIYKG VYO?XSVKVV MSRLJNLThPN ACSVN~NSHA
LLC,ýPSCT .... ~S LUC .Y X 2L r U14 LL)JMTHPL !S'TK4NNHHY
ILSGRLSCDSX M!1RPJ4NL~l4 '.EFILTIFMFO N!,..... PQI SS101T)4N4Y

L CREC P1 p C NX"MY

ISMGTS ... r LELTFTKDSf '-FC1LTS ANKKTFCNT LMAIVSSULH
ISKGiS. .. UI LEPTTTNOSI LQ:eF:C'I[LrB ~$KPN LnSIVSS7.ML

YiKcvSK~t1d 'V.TLTNT31 C~UU :C2LGYGN:5 14CMM~nAti1
G ~TTNS 31

S.P.;NSMYV.A -SCCFNC ....... . flýY47.7F SDAýSAQSQC
31RQCNSYKA VSctPhNN ........ T;QYNU&.S SDP)J6SQC
S-HFNhQYEA H5M IC-4. ... X .. . OIYWLSI4 SYACCAANRC
TI.WLLNELX FN4VLb:iv-.M! fCAJCT(VUak GVLIQYNL:V GDOCJrP.J4

ATFlkrPVLDM F.RTAFGGKY ?fj5rWGWTGS DGICTTW.CSQ TSYOYL"IO1Gt
iRTrP.*Vt.fnM F.RlThFGGKY K13GWGW?CS D1YTTW.CS0 MSYYLXIQN4
GTVANC'.LQ- YMR1WAGGSY I.... ALD S CNWICIN 7SYQ''Ll ION
L:AsLA0I:ý; CPKIAWiVCKC FNNCSGO1CR LTNCEGGTH. .. F'.IIQN4

A 0 7 LIIQN

Arwx~m~yA Fcmmspi LLSQEKTXr74 t.AG??w TWLSOS35VF4

TTwtc)IcQrs 1kP5PICYALZ, LS-,TPCIY: S *LL4:TFW TLSD~G)(3T
TTWEHCTY .. PMAT:M.' AtQRTXYS.sV SLI.rrTh ~ss~CýMv

I11we C p RLGF'TW LS Ds(

PGGYcLXW4 Lk.AtLxcrG ?ITAVAKC14\N HNAFCDMLl L:ED YNYA.A -5
PGOYCLTX'JM I L.ALNCFC NIAVAKCHV!; )i;EETCDMLJ LIDY1JKALS
PGGYC'.-&W? L:LUA .IýG NTA';ANC'JE)( MN-EEFCDNLA LFDFNKQAXQ
PGGYCLECVA I:'4GZCFC Nr.KAKCUKO HNIEFCOT10 '-rCNQ'NAIK
PGGYC. W A jCT NT AKCN m irc- R L0D1 A

KFKEDV[$AL HL7K='.NSL ISDQLt.KAJM LRDIAOVPYC JNYS(TWYitN
XXIK2DVtSAL W.7KTTLNSL :SZQLLAIANN UL DLIV;YC Nx5F-T¶WYLEH
RLXALAQM51 QLIXKfAV1?AL 1:NgtxnIe)W LPI0IV~d C l-*:xWYUH

~QW'N LrM11141,II~i 'SDSLVtRNS LUQLAYKZPYC N'YrKTWYIND
La.LINL L VL

AI(?TS'^.VVX -W'-VrlIG5Y: NE B£PCU CLADWHITEN L.IKMVI)MOG
AKTCETSVPI( -W'VTNGSY'- !;E!HFSCO1E CEADIN*M1T!r :AftK1Y~ flO0
'rTroRitLrI( cwL%,SWCEy, H~nmrtS0iE .^A0"1HTrM LOKEYl~r!POG
TITGPRMSLVO CWZVKNNSYL NE[NTIQCWL WESONLYNEN LMK(EYZCrtOC
~TG S P CN.V NZSYL HE Mr it VNI K Y ROG

STPL.AUW01l. MPSTSAYLVq !T7LHLVICIPT HMZI(CCSCP KPHRLTNKGI
STPUL'MOLL )IFS'SAYLIS I LJ.(TVNRI PT HiMI)(G&CP KPHPI.~NKGI
gI.PLZLVDLT V?'F~SFYL.- -.rLa1L''KIP- 1'.RJ:VGXSCP MPHRL'!204G1
KTPLAL-DIC FWSLVFYT1T VFIY4XVGIP'I HRI IGt.GCP KpNRIthkMSL

T P!. LD 5 y TLH V M I-RHI G CP NPHR :
c5c~aFxVpC vK7VIWKR
ec~cATKVPG VKTUWM
cgCCLYXQPG VPVKWPM
cscGyyxyoR IILTV0,.sco IC

X. CONSIDLRATIONS FOR THE~ FUTURE

The -o.-jibility of CjonicJ arenavirus cDNA %.-qu.cnce-, ,Iltuld ~uppoll mai~ns f'uriher o.'-

jilices iii our undIeraunindIg %)Il viru% ýenc icoulalion itnd ,:kprt:%%w~n and the mi h~miNimN 'if

v;jri,% puihoccnric. TheC j%Ailaior of a rt ..'or11.1ni virus fromI j1 liborjtorý mixeid inffction1

(iht has o p.Lhogcnu.. puleiiriai po %%:s~.e hy nuitict r tile powt,,r~icl vi rus %traimw (T,ihlc 3 )- 4-
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is particularly signifk~ant- rhk may be indicative of' amechanism that has conlrihuk'd to
the diversity of' known areriuviru~eS, and miay account for the aippeairance± of'new ;ureiaviruscs
with new disicuse a~scwiations. it is now possible io cxaniine the expressio~n ()I indi~idual
viral gcncs to assess their rclutive impoutance fo~r recognition and interactiorn with the host
immune system. Also. cDNA genes can be mutated or recombined in vitro and reintrmduced
into ccIls or animals either as douhle-stranded DNA or RNA to identitfy alterations in
biological properties. These approaches should define epitopes within the viral proteins that

relate directly to pathogenic potential. and this may provide the key to an et~fhctive ..iocinc
strategy for urenaviruses.
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Protein-Protein Interactions in Lymphocytic Choriomeningitis Virus
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The structural organization of the lymphocytic choriomeningitis virus (LCMV) particle has been examined by Triton
X-114 phase separation and nearest neighbor analyses in order to define protein-protein interactions in the virion.
Extraction with Triton X-1 14 established that the 44-kDa membrane glycoprotein, GP- 1, is a peripheral protein and that
the 35-kDa glycoprotein, GP-2, is an integral membrane protein. Membrane permeable and membrane impermeable
crosslinking reagents were used to establish the structural organization of the virion. Results obtained with both types
of crosslinking reagents demonstrated that both GP-1 and GP-2 were assembled as native homotetramers. No cova-
lent or disulfide linkages were found between GP-1 and GP-2, nor were these glycoproteins ciosslinked. Protein
complexes composed of GP-2 and NP were observed after treatment with a membrane permeable crosslinker (DMS)
but not after treatment with the membrane impermeable crosslinker (DTSSP), localizing the site of the GP-2:nucleo-
capsid protein (NP) interaction to the interior of the virion. The interaction of GP-2 with NP may be important in
directing the maturation and budding of LCM virions. v 1991 Aiademic Press. Inc.

INTRODUCTION ern et al., 1987; Salvato et al., 1988; Salvato and Shi-
Bochoriomeningitis momaye, 1989). Open reading frame analysis revealedBiological studies of lymphocytic chroeigts four primary translation products. These are encoded

virus (LCMV) have provided major insights in viral im-

munology and pathogenesis. Recent observations in a unique ambisense arrangement and include the

have identified new concepts of viral persistence and 200-kDa putative RNA polymerase (L) and the 11- to

virus-induced diseases of the endocrine and central 14-kDa Z protein on the L segment. The 63-kDa nu-

nervous systems. Cytolysis of virus-infected cells, me- cleocapsid protein (NP) and the 75-kDa glycoproten

diated by T-lymphocytes, was first described using the precursor, GP-C, are encoded on the S segment. L and

LCMV model (Coleetal., 1972). Likewise, MHCrestric- NP are encoded in a genomic complementary sense

tion of the cytotoxic T-lymphocyte (CTL) response to from the 3' end of L and S, respectively, while Z and

infected cells was first described using the LCMV GP-C are encoded in message sense from the 5'end of

model (Z:nkernagel and Doherty, 1974). While early the genomic L and S RNA segments. Three additional

studies of viral persistence focused on the biology of small open reading frames (each capable of encoding

LCMV infections in vivo, later reports attempted to pro- a polypeptide of less than 100 amino acids) have been

vide molecular explanations for the phenomenon of identified but there is no evidence to indicate that these

persistence (Oldstone and Buchmeier, 1982; Ahmed are utilized (Salvato and Shimomaye, 1989).

et al., 1984; Pircher et al., 1990). In addition, immuno- Arenavirus particles are roughly spherical with an

logic studies have provided information on immune rec- average diameter of 90-120 nm and are covered with

ognition of LCMV by B- and T-lymphocytes (Parekh and distinct 5- to 10-nm club-shaped spikes orojecting

Buchmeier, 1986; Whitton etal., 1988a,b; Wright etal., from the envelope (Vezza et al., 1977; Pedersen,
1979). It has been proposed that the spikes, seen by1989), virus-induced immune suppression (Ahmed et elcrnmroopaeopsdofnerbthf

al., 1984; Oldstone et al., 1988), and delayed-type hy- electron microscopy, are composed of one or both of

persensitivity (Lehmann-Grube, 1988; Moskophidis et the glycoproteins (Gard et 1 l., 1977; Vezza et al., 1977y

al., 1989, 1990). Compans and Bishop, 1985). Protease digestion of viri-
LCMV, the prototype member of the Arenaviridae, ons, using either chymotrypsin or bromelain, resultedLcntains thsingle-sprotped, mmberofte Arenavirida in the removal of the spikes with a concomitant loss of

contains a single-stranded, ambisense genome con-

sisting of two RNA segments, L and S. Sequencing of the viral glycoproteins from the virion (Gard etal., 1977;

both genornic segmrnits has ileceritly been completed Buchmeier et a., 1978). By analogy with other envel-

(Romanowski et al., 1985; Riviere et a/., 1985; South- oped viruses, the spike is presumably involved in re-
ceptor binding to the cell surface. This possibility is
supported by the observation that several monoclonal

To whom requests for reprints Should be addressed, antibodies to GP-1 block binding of LCMV to tissue
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LCMV PROTEIN INTERACTIONS 621

culture cells (G. van den Dobbelstein and M. Buch- dodecyl sulfate (SDS)-polyacrylamide gel followed by
meier, unpublished data). autoradiography.

To establish a structural basis for the observed bio-
logical activities and immunochemical properties of Triton X-1 00 disruption and sucrose density
LCMV it is essential to derive a working model for the gradient centrifugation of LCMV
structural organization of the virion and its constituent Purified radiolabeled virus particles suspended in
proteins. We are interested in localizing the immunolog- TNE were incubated in 1% Triton X-100 for 30 min at
ically and biologically significant domains of the glyco- 37°, The sample was fractionated by centrifugation at
protein spike on its three-dimensional structure. In this 40 on a 5-50% sucrose density gradient (w/v in TNE) in
communication we report the findings of our structural an S 50. ro se for sityhrat 3w/v in The gnanalyses of the LOM virion. an SW 50.1 rotor for 18 hr at 35,000 rpm. The gra-

dients were fractionated by bottom puncture and 0,25-
to 0.3-ml fractions were collected. Electrophoresis

MATERIALS AND METHODS sample buffer (300 mM Tris-HCI, pH 6.8, 10% 2-mer-
captoethanol, 10% SDS, 0.05% bromphenol blue) was

Cells and virus added to aliquots of each fraction to obtain a final con-

Baby hamster kidney cells (BHK) were maintained in centration of 2% 2-mercaptoethanol, 2% SDS. The

DMEM supplemented with 8% ft'tal calf serum, gluta- samples were heated at 95-100° for 3-4 min and ana-

mine, and antibiotics. The LCMV-Armstrong clone 4 lyzed on a 10% SDS-polyacrylamide gel (Laemmli,
(Arm-4) was used throughout these studies. This virus 1970) followed by autoradiography. Sedimentation co-(Arm4) as sedthrughut tesestuies Ths vrus efficients were estimated by comparison with IgM (19
was originally isolated from LCMV CA 1371 and was S)
triple plaque-purified (Wright et a/., 1989). Stocks of S), l9G (7 S), and horseradish peroxidase (3.8 S) stan-
virus were grown in 850-cm2 roller bottles containing dards run in parallel.

semiconfluent BHK cells at a low multiplicity of infec-
tion. Virus was purified as previously described (Buch- Immunoblotting ot mildly disrupted or crosslinked
meier and Oldstone, 1979) with minor modifications. Arm-4
First, NaCI was omitted from the polyethylene glycol Mildly disrupted virus preparations were obtained by
precipitation step and two continuous gradients of 20- incubating aliquots of purified virus on ice for 5 min in
60% and 25-45% Renograffin (v/v) in 10 mM Tris-HCI, TNE containing I% SDS, 10 mM 3-[(3-cholamidopro-
100 mM NaCI, 1 mM EDTA, pH 7.4 (TNE) were used pyl)dimethylammonio]-1-propanesulfonate (CHAPS,
consecutively to band the virus. Purified virions were Sigma Chemical Co., St. Louis, MO; Hjelmeland,
pelleted and resuspended in a minimal volume of TNE. 1980), or 12 mM n-octyl O-D-thioglucopyranoside
Protein concentrations were determined by the (OSG, Calbiochem, La Jolla, CA- Saito and Tsuchiya,
method of Bradford using bovine serum albumin as the 1984), in the presence or absence of 1 M urea. To
standard (Bradford, 1976). Virus preparations routinely determine the effect of disulfide reduction, increasing
contained 1.0-1.5 mg protein/ml/liter of starting super- amounts of dithiothreitol (DTT) were added to specific
natant and contained typical LCM virions on examina- aliquots as indicated. These mildly disrupted prepara-
tion by electron microscopy. For radiolabeled virus, tions were analyzed by SDS-polyacrylamide gel elec-
35S-Translabel (ICN, Costa Mesa, CA) was added to a trophoresis (PAGE) on 10% gels (Laemmli, 1970). Sep-
concentration of 15 MCi/ml 24 hr after infection. La- arated proteins were electrophoretically transferred to
beled virus was harvested after an additional 24-hr in- Immobilon P membranes (Millipore, Bedford, MA) for 2
cubation and purified as described above. amp-hr in 25 mM Tris-HCI, 192 mM glycine, 20%

methanol, pH 8.3. All SDS-PAGE and electrophoretic
Triton X-1 14 phase separation transfer procedures were performed at 4°. Mem-

branes were biocked with BLOTTO (Johnson et 8l.,
Purified 35S-labeled virus was separated into aqueous 1984) for 1 hr and incubated overnight in the appro-

and detergent phases using Triton X-1 14 for three cy- priate rabbit antiserum in dilute BLOTTO (one part
cles of: 5 min incubation at 40, 3 min incubation at 30', BLOTTO in four parts PBS). The remainder of the im-
and centrifugation through 6% sucrose for 3 min at munoblot procedure was completed as previously de-
325 g as described (bordier, 198 1). Commerciaiiy avaii- sciibed (BuI is et a;., 1989).
able purified membrane grade Triton X-1 14 was used Crosslinking was done by incubating purified virus
(SurfactAmps X-114, Pierce, Rockford, IL). Upon com- suspended in 100 mM triethanolamine-HCI, pH 8.2
pletion of the phase separation, aqueous and deter- (TE), with freshly prepared solutions of homobifunc-
gent phase samples were analyzed on a 10% sodium tional crosslinking reagents (all from Pierce, Rockford,
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IL) in TE. Crosslinking reagents and reaction conditions
used were: dimethyl suberimidate-2HCI (DMS) 1 mg/
ml, 90 min at room temperature; 3,3'-dithiobis(sulfo-
succinimidylpropionate) (DTSSP), 3.6 mg/ml, 30 min
on ice; or disulfosuccinimidyl tartarate (S-DST), varying
concentrations, 30 min on ice (Davies and Stark, 1970;
Garoff and Simons, 1974; Smith et aL, 1978; Lee and
Conrad, 1985). Following incubation, the reactions
were quenched by the addition of 1 M glycine to a final
concentrations of 20 mM for DMS and DTSSP and 50
mM for S-DST. Electrophoresis sample buffer was NP (63-

added to a final concentration of 2% 2-mercaptoeth-
anol (2ME), 2% SUS, 1 M urea. Due to the reversibility P 144)i

of DTSSP crosslinking under reducing conditions, GP2 (351-
nonreducing electrophoresis sample buffer (without ___

2ME) was used with DTSSP-crosslinked virus. Cross- -
linked preparations were heated at 95-100* for 4 min,
loaded onto 5-15% SDS-polyacrylamide gradient gels,
electrophoresed at 30 mA, transferred to lmmobiron P
membrane•, and immunoblotted as described.

A,,tis6ra

Rabbit antipeptide antisera were raised by inoculat- V P S
ing New Zealand white rabbits with synthetic peptide Fioe. 1. Purified 3"S-LCMV was subjected to Triton X-1 14 phase

conjugated to keyhole limpet hemocyanin. Peptides separation as described (Bordier, 1981). The final detergent petlet (P)
corresponding to amino acids 59-79 (GP-1) or 378- was resuspended in TNE to a volume equal to the supernatant frac-

391 (GP-2) of GP-C or 130-144 of NP were used as tion (S). An aliquot of the original virus preparation (M) was included
for comparison. Electrophoresis sample buffer was added until all

immunogens. The generation and specificity of the samoles contained 2% 2-mercaptoerhanoi, 2% SDS and heated for
peptide antisera have been described elsewhere 4 min at 950. Samples were electrophoresed on a 10% polyacryl-
(Buchmeier et al., 1987). amide gel containing SOS. The gel was then impregnated with a

fluongraphic enhancer, dried, and put on X-ray film (Kodak X-Omat
AR) at -70°.

RESULTS

Detergent extraction of LCMV structitral proteins
2.93-3.13 S (Young, 1987), we believe the GP-1 foundTo estaclish the nature of the membrane association inteeuprfaiossmstrbblamnmr.I

of G- 1andC3P2, e prfomcd TrtonX- 1.4 pase in these upper fractions is most probably a monomer. Itof GP- 1 and GP-2, we performod a Triton X- 114 phase should be noted that some GP- 1 is also present in
separation. This procedure differentiates peripheral shudbnoetatom P1ialopsntnsepaatin. Tis roceuredifereniats peiphral more dense fractions, indicating that oligomeric forms
from integral membrane proteins on the basis of parti- or dossiiraggreg at w pe gP-2,in on-

tioning into aqueous and detergent fractions in the trast, asu ri aate d weth th p ellet
presence of Triton X- 114 (Bordier, 198 1). As seen in trswsfudpialysoctewthheeltpresnceof ritn X1 1 (Bodie, 181) Assee in and in the more dense fractions of the gradient where
Fig. 1, GP-1 was quantitatively extracted into the su- as also c entrated.

pernatant fraction (S), identifying it as a oeripheral pro.-

tein. In contrast, GP-2 was fractionated into the deter- Tetrameric structure of native GP-1
gent phase pellet (P), consistent with the behavior of an
integral membrane protein. These findings were fur- A previouw report demonstrated that a homopolymer
ther supported by the results of separation of the virion of GP- 1 was released from virions by incubation in 1%
proteins in sucrose gradients (Fig. 2). Following veloc- SDS at 40 (Wright et al., 1989). To further investigate
ity sedimentation of Triton X-100 diSrLpted virions, a the native structure of GP-1, we used ionic, nonionic,
significant amount of GP-1 wqo, fouind in q highly and z^,iterionic deterntes to solubilize the GP-1 poly
enriched peak near the top of the gradient (fractions mer in the presence or absence of 1 M urea. The im-
13-15) and had a sedimentation coefficient of slightly munoblot results shown in Fig. 3 demonstrate that
loss than 3.8 S. Based on an empirically determined under all solubi'ization conditions ut;ized, a homote-
sedimentation coefficient for a 40- to 44-kDa protein of tramenic GP-1 complex was detected.
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1 2 3 4 5 6

* L
4

- - NP

QP-2

i% 5DS: + + - -

12mM OSG: + +
10rnM CHAPS:- + 4

- - ~ '-FiG. 3. immunoblot of ionic. nonionic, and zw'itterionic detergent

P 2 3 4 5 8 7 B 9 10111 2 13 14 15 18 17 18 19 V solub~lzed G.P- 1 ooivmer. L.CM %i'ons i*I Mg) were gently soljibilizecl
by incubation on ice for 6 min with IuL IDS lIanes 1 and 21. 12 mMv

FiG. 2. Purified 3"S-LCMVV (200 mg) was incubated in i%~ Triton OSG (lanes 3 and 4). or 10 mV CHAPS lianes 5Sand 6)in 'hie pres-
X- 100 for 30 min at 37*¶ layered onto a 5-mi 5-500u preformed su. ence lianes 2, 4. and 6) or absence (lanes 1, 3, and 5) of 1 M urea.
crose gradient (w~v inINE), and centrifuged for 18 hr at 35,000 rpm These mildly disrupted valpreparations were loaded onto 10k
in a Beckman SW 50 1 rotor The gradient was fractionated by bol, Laemmii gels without heating or reduction, electrophoresed at 4',
torn puncture and 250- to 3O00-M' fractions were collected. The pel- and analyzed by immunobloltring using rabbit anti-GOP-I peptide
leted material (P) at the bottom of the tube was suspended in 300 m! serum aq described. The numbers 1. 2. 3. and 4 (right-hand margin)
TNE. Por comparison. an aliquot of the starting virus preparationwa/Vs identity monomeric. dimeric. trimeric, anid tetramerncforms forOG-P.1.
included (V). Samples were prepared and electrophoresed as de- respectively.
scribed in Fig. t. Sedimentation standards, run in parallel, were in-
munoglobulin M (19 S, fraction 5), irmmunoglobulin G (7 S. fraction
10), ano horspraoisn peroxiuase k3 8 S, Irautiuii 121.

indicated that mild reduction resulted in the appear-
ance of two monomeric bands containing GP-1. This

Next, we wanted to evaluate the role of disulfidle Suggested there were Iwo populations of GP-1 mono-
bridges in the stabilization of the GP-1 homotetramer. mer when mildly reducing conditions were employed,
It has been reported that reduction significantly af- the reduced 44-kDa form and the slightly faster mtgrat-
fected the conformation of GP- 1 as determined by elec- ing nonreduced form. We believe these results Sug-
trophoretic mobility shifts in polyacrylamide gels gest that an intramnolecular disulfide bond maintains
(Bruns er 81., 1 983a) and reactivity With neutlral~zirig the monomeric conformation of GP- 1 as determined by
monoclonal antibodies specific for GP- 1 (Wright et al.,
1989). We disrupted purified virus with 1 0 mnM CHAPS
under nonreducing conditions and in the presence of 1 2 3 4 5 6 7

increasing concentrations of DTT. These disrupted
virus preparations were examined by immunoblotting - -205

using rabbit antipeptidle serum specific for GP-1. A lad- -116.5

der of bands rppresenting oligomeric structures of the -8
form (GP-1) 1, (GP-1),, (GP-1),, and (GP-1), was seen l.-8
under nonreducing conditions (Fig. 4, lane 1). With the
addition of IDTT at concentrations as low as 1 mM, the F1 - 4.
homotetramers began to dissociate (Fig. 4, lane 2). A Lumuwu
resistant homodimer was observed under all reducing
conditions examined. The intensity of the dimeric band
varied inversely with the concentration of DTT (Fig. 4, MDT 7 8 4
lanes 2-7). Similar results were obtained using 2ME m T 7 9 4

(data not shuwtt) ait Uti~i~iiisiai that disu~fide r iG. 4. ý;-.) 3 . d--cc _ ASd ie

bridges are essential to the stability of the native GP-1 Arm 4 Purified LCMV %as gentiy soiubilizeo wvitn 10 nM, CHAPS
tetramer. under nooreducing conditions (lane 1) or in the oresence of 1 mM~

Ilane 2i. 3 m11 6ane 31, 9 mM'/ lane 4ý. 2 7 mM1 (lane 5). 81 mnM (lane
Closer analysis of the monomeric form of GP-1 seen 6). or 243 mM 1.ane 71 OTT. Solkubilization and immunobliottng cor-dl-

after reduction with low levels of DTT (Fig, 4, lanes 2-4) tions were as described in Fig. 3.
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A DMS B OTSSP complexes which reacted with the GP-1 antiserum

-205 . -206 were detected by either the GP-2 or the NP antisera
Il (Fig. 5A, lanes 2 and 3), identifying them as homooli-

-117 -117 gomers of GP-1. The apparent molecular weights of
S.64 these crosslinked GP-1 complexes are listed in Ta-

ble 1.
-47 .-47 In addition to the monomeric 35K form of GP-2, at
*:33 -33 least five protein complexes were detected by the GP-2
.24 -24 antiserum in the DMS-crosslinked preparations (Fig.

-- W-16 16 5A, lane 2). Three of these complexes were not de-
Antiserum: P1 GP2 NP Mix GPI GP2 NP Mix tected by the antisera specific for GP-1 or NP (Fig. 5A,

FiG. 5. Immunoblot of crosslinked Arm-4 ((A) DMS. (B) DTSSP) lanes 1 and 3). We believe these represent the homodi-
Aliquots of purified LCMV were crossltnked using the membrane meric, -trimeric, and -tetrameric forms of GP-2. Again
permeable reagent, DMS (A) or the membrane impermeable re- this conclusion is supported by their apparent molecu-
agent. DTSSP (B). both in too mM triethanolamine-HCI, pH 8 2. lar weights (Table 1). The two remaining complexes
Following incubation penods of 30 mm (DTSSP) or 90 min (DMS).
crosslinking was quenched by the addition of 1 M glyc:ne until a final detected by the GP-2 antiserum comigrated with two
concentration 0' 20 mM glycine was obtained. Crosslinked virus bands which were reactive with NP antiserum (Fig. 5A,
preparations were disrupted using reducing (DMS) or nonreducing lanes 2 and 3), suggesting that they are GP-2:NP he-
(DTSSP) e:ectrophoresis sample buffer and heating at 95-100' for 4 terooligomers. The molecular weights of these comi-
min. These samples were analyzed by immunobtutting following grating bands, 87,000 and 173,000, are close to that
electrophoresis on 5-'5% Laemmhi gradient gels Immobilon P
membrane strips contaning tme transferred samples were probed predicted for heterodimeric (GP-2:NP) and heterotetra-
using the appropriate rabbit antipeptide sera specific for GP-1 (lane meric (GP-2:NP)2 complexes. The slowest migrating
1). GP-2 (lane 2,. or NP (lane 3) as described. Control virus (not band seen in the panel probed with NP antiserum (Fig.
crosshinked! .vas disrupted in the presence or absence of reducing 5A lane 3) may be either a higher ordered complex of
agent and analyzed in paraltel with the crosslinked preparations us- NP or an NP:L dimer.
in• a mixture (M:x) of the three sera The pattern of protein complexes detected using the

membrane impermeable crosslinking reagent DTSSP
is shown in Fig. 58. Again, the GP-1 antiserum reacted

its migration rate in polyacrylamide gels. When this di- with four bands, consistent with monomers, homo-
sulfide bond was intact, the monomeric form of GP-1 dimers, -trimers, and -tetramers of GP-1 (Fig. 58 lane
migrated with an apparent molecular weight of approxi- 1). The pattern of protein complexes detected by the
mately 40,000, representing a single population of GP-2 antiserum following DTSSP crosslinkin~j differs
"native" GP-1 monomers. Reduction of this disulfide from that observed vwiith DMS-crosslinked prepara-
bond resulted in a conformational change, presumably tions. The GP-2:NP complexes observed in the DMS-
an unfolding of the molecule such that the electropho- cross!inked preparations using either GP-2 or NP anti-
retic migration of GP-1 aecreases to ca. 44,000 and sera were not detected (Fig. 58 lanes 2 and 3). This
represents a second population of GP-1 monomers. result supports the previous observation that the two

comigrating bands seen after DMS crosslinking con-
Analysis of crosslinked virus tained complexes of GP-2 and NP. The four bands de-

To investigate the topography of the virion, nearest tected using the GP-2 antiserum are consistent with
neighbor analysis was performed by crossiir'king intact monomeric through homotetrameric forms of GP-2
virions using either DTSSP, a membrane impermeable (Fig. 56 lane 2). Table 1 summarizes the predicted and
reagent, or DMS, a membrane permeable reagent. observed molecular weights for the complexes identi-
These reagents crosslink lysine residues and other pri- fied in these experiments.
mary amines within 1 1 (DMS) or 12 A (DTSSP). All pro- We occasionally detected additional higher ordered
teins containing reactive amines within a proximity of structures after crosslinking and were concerned
11-12 A will theoretically be crosslinked using DMS, about their origin. It is important to bear in mind that
while only those located external to the membrane will crosslinking agents react not only with preexisting pro-
be crosslinked by DTSSP. rein complexes but also with uncomplexed proteins

The results of crosslinking virions orior to disrmtiion locatpd within the "reach" of the linker arm. Therefore,
are shown in Fig. 5. When the membrane permeable not every oligomeric band may represent a native mac-
reagent DMS (Fig. 5A) was used, the GP-1 antiserum romolecular complex. To address this issue we per-
detected three protein complexes in addition to the formed additional crosslinking experiments under con-
reduced 44K monomer of GP-i (lane 1). None of the ditions designed to optimize the crosslinking of native
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TABLE 1

THEORETICAL ANDi EXPEftIMENTAiLLY DETERtmiNEO MOLECULAA WEIGHTS OF CROSSLINKED COMPLEXES

GP- 1 GP-2 N P

Poen Molecular weight (M,) rti Mole'zuiar weight (M,) PuenMolecular weight (M,)

complex Theoretical DMVS DTSSP, complex Theoretical OMS OTSS? complex Th'aoretical DMS DTSSP

GP-I1 44.000 46.000 40.000 GP-2 35.000 34,000 35.000 N P 63,000 55,000 57.000
(GP- 1), 88,000 84,000 82,000 (GP-2), 70,000 68,000 71,000 (GP-2:NP) 98.000 87,000 -

(GP-i1), 132.000 118.000 117,000 (GP.2:NP) 98,000 87,000 - (NP) 2  126.000 108,000 114.000
(GPi ). 176.000 160.000 149,000 (GP-2), 105,000 102.000 106,000 (GP-2:NP) 2  196,000 1I/_000 -

(GP-2), 140 uOO - 129.000
(GP-2:NP)z 19b.000 173,000

Note. The theoietical molecular weight for a given complex is the sum ol the mole'-ular weights of each individual component. Experimentally
determined molecular weights were ob':.jined tramr the relative elect Ii'..)noretic mobility plot generated using prestained high and low-molecular-
weight standards (Bio-Rad). Due to the SenSit.vity 01 orSSP to reduction. all OTSSP crosslinked preparations were analyzed under nonreducing
conditions (*)

Structures and minimize the chance that Independent structures that have been carefully analyzed has pro-
molecules or structures would become crosslinked. vided insight concerning receptor binding (Weis et al.,
We chose to employ the membrane impermeable ho- 1 98e: Rossmann and Palmenberg, 1988). viral uncoat-
mobifunctional crosslinking reagent S-DSJT. This re- Ing (Smith et al., 1986; Kim ef a;., 1990). and other
agent has a 'inker arm of 6.4 A, about half that of either ir.herent biolc;gical activities (Colman et 91., 1983). A
DMS or DTSSP. Crosslinking procedures were per- great deal has also been learned about the require-
formed at 48 11or 30 min using prechilled reagents in an ments for epitope recognition (Wiley et al., 198 1; Hogle
reffort to restrict protein mobility in the memb~trane. To et al., 1985; Minor et al., 1986). escape from immune
further enhance crosslinking of native oligomeric surveillance(1Hogle et a/, 19836; Rossmann, 1989), and
struCtures, we crosslinked virions over a 125-fold S- virus neutralization (Prasad et al., 1990).
DST concentration range (0. 08- -10 mg./mI). As seen in
Fig. 6. even at !he highest crosslinker concentration 1 2 3 4 5 6
used (lanes 5 arid 6), complexes l,4rger Lhan the
previously described homotetramers of GP- I or GP-2__-
were not detected. Tnese findings are. totally consis-
t~ri, with our previous cro~ssinking experiments, and
furthL f substantiate the tetrameric structure of ')oth - 116.5
GP-1 and GP-2. -0

DISCUSSION 49

There has '.eon great expectation for the potential .-
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We have been interested in the post-translational forms of GP- 1 (Wright et aL., 1989). We confirmed and
processing, transport, and immunology of the LCMV extended this earlier observation by identifying the ho-
glycoproteins. Recent efforts in this laboratory have fo- mopolymer as a tetramer of GP-11. The existence of a
cused on (1) generating a B-cell epitope map (Parekh native GP-1 tetramer was further substantiated by re-
and Buchmeier, 1986; Weber and Buchmeier, 1988), suIts obtained following chemical crosslinking or the
(2) the conformational requirements of the neutralizing virion. Obse 3tion of the tetramer was independent of
epitopes (Wright et al., 1989), and (3) the processing the crosslink ng reagent employed. We also ýnvesti-
and modification of the glycoprotein precursor, GP-C gated the eý acts of urea arid reducing agent on the
(Buchmeier et a., 1987; Wright et a/., 1990). The re- stability of this structure. The results demonstrated
suits reported here describe the protein-protein inter- that the GP-1 homotetramer was stable in the pres-
actions and topography of the LCM virion and spike. ence of 1 M urea but was dissociated in the presence
This information allows us to draw several conclusions of reducing agents, as detected by our immunoblotting
concerning the structure of the LCM virion and its gly- procedure. This finding suggests that intermolecular
coprotein spikes. disulfide bonds are important in maintaining the tetra-

To determine the degree of GP-1 and GP-2 mem- meoii' structure of GP-1. The presence of a partial!y
brane association, we performed Triton X-1 14 deter- reduc :n-resistant disulfide-linked dimer suggests
gent extraction. This technique has been used to exam- that the GP-1 tetramer may be a dimer of homodimers
ine membrane interactions of many cellular and viral as reported for the Sendai HN and F membrane glyco-
proteins (Bordier, 1981; Simons and Warren, 1984; proteins (Mdrkweil arid Fox, 1980; Sechoyetal., 1987).
Gething et al., 1986: Mason, 1989). Our results clearly The second viral glycoprotein, GP-2, can be cross-
demonstrate fractionation of LCMV GP-1 into the linked to itself using any of the crosslinking reagents
aqueous phase using Triton X-1 14, indicating that GP- and to NP using DMS. The externally exposed portion
1 is a peripheral membrane protein. In contrast, GP-2 of GP-2 appears to be a homotetramer, but when yri-
behaved as an integral protein. Additional support fo; ons were crosslinked with DMS, heterodimeric and he-
this conclusion comes from our findings with sucrose terotetrameric oligomers with NP were also observed.
gradient fractionation of virions disrupted with Triton When DTSSP was used these heterooligomeric corn-
X- 100. In such gradients the upper, more slowly sedi- plexes were not observed. Thus it can be concluded
menting fractions were found to contain large amounts that the GP-2:NP interaction occurs within the viral en-
of GP-1 in a soluble form, while the more rapidly sedi- velope, sequestered from the crosslinking effects of
menting and pelleted fractions contained much of the DTSSP but not DMS. In this regard, it is of interest that
GP-2 and NP. This may suggest, indirectly, a .possible there are three lysine residues, the substrate for these
zssociation between these two molecules. These find- crosslinking reagents, within the last 12 amino acid
ings are consistent with previous reports which residues at the carboxy-terminus of GP-2, the intra-
showed that GP-1 was more accessible to iodination cellular domain we believe to be interacting with NP
and antibody binding at the virion surface than was (..8 7-KVPGVKTVWKRR,4 9 ).
GP-2 (Buchmeier and Oldstone, 1979: Bruns et al., Interaw"tions between viral spike glycoproleins and
1983a). internal nucleocapsid proteins have been reported for

To further investigate LCMV protein protein interac- several other RNA viruses including Semliki Forest
tions, we employed an immunoblot procedure for ana- virus (Helenius and Kartenbach, 1980), mouse hepati-
lyzing the protein complexes obtained after either mild tis virus (Sturman et a/., 1980), and Sindbis virus (Burke
disruption or crosslinking of virus particles. The avail- and Keegstra, 1976). Previous reports on arenavirus
ability of sequence-specific antisera to GP-1, GP-2, morphogenesis described patches on the surface of
and NP allowed us to unequivocally determine the com- infected ,ells that contained viral glycoprotein spikes
porents of each complex, obviating the need for two- with dense granules, possibly nucleocapsids, underly-
dimensional gel analysis. Chemical crosslinking was ing them (Murphy er a/., 1970; Murphy and Whitfield,
performed using the homobifunctional crosslinking re- 1 975). It has been proposed that the interaction be-
agents DMS, DTSSP, or S-LST. Comparison of the re tween the LCMV ribonucleoprotein complex. of which
suits obtained with DMS to those obtained using NP is a part, arid GP-2 anchored in the infected cell
D135P allowed us to distinguish associations occur- membrane may be essential in allowing the virion to

,r,,o f-ytprrial In .hp mr-mhranp frnn thnr•p o'-urrlrrn undergo the f.n.! steps o. assemb,. arid budd!ng (D
,nternally bois-Dalcq et al., 1984)

!t has ý.revjusly been reported that dissociation of The lack of demonstrable association of GP 1 with
vlf9 mrtinle5 under mild, nonreducinq conditions fol- GlP 2 was unexpected We belihve GP I does, inileract
,owel by imrnunoblotting revealed hcmoprolyrr)er1c will) UP 2 to form thlu rmurphulogicail bp'l, but the
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comwrplex was not observed due to the limitations 01 the bly involved in transcription regulation through a zinc
crosslinkirig technique. Alternatively, GP- 1 may exist finger domain (Salvato and Shimomaye. 1 989). The uti-
as a readily dissc-,ciable peripheral protein that does not lization of all of these open reingrw frames has been
interact with other viral proteins but is anchored to the confirmed using syrithefic peptide antibodies derivedi
membrane by other means. The failure of crosslinking from the predicted amino acid sequences. There has
reagents to effectively complex all components of gly- been no evidence for RNA splicing events in the arena-
coprotein spikes has been reported with other viruses, viruses, so it is unlikely that the virion encodes addi-
For example, the E3 glycoprotein of Semliki Forest tional polypeptides. Therefore we favor the model pro-
virtus has been clearly established as a component of posed here which is completely consistent with these
the virus glycoprotein spike (a trimer containing one data and allows for an eq'iimolar ratio of GP-1 and GP-
milecule each of El1, E2, and E3) but is not crosslinked 2 molecules in the virior, as predicted by the cotransla-
to ElI or E2 using similar techniques (Ziemiecki and tional coding and post-translational processing of GP-
Garoff. 1 978; Ziemiecki et al., 1980). Similarly, the HIV C (Buchmeier et al., 1987) and reported for both Pi-
spike glycoproteins, gp4l and gp120, are not corn- chinde virus (Vezza et al., 1977) and LCMV (Bruns et
plexed using crosslinking reagents (Schawaller et al., al., 1 983a).
1989; Weiss et al., 1990). Studies are currently underway which should allow

To summarize our data: (1) GP- I is a peripheral pro- us to more precisely define the structure of the LCMV
tein whose native structure is a disulfide-linked homo- glycoproteiris and identify their biologically and immu-
tetramer, (2) GP-2 is an integral membrane protein, nologically significant domains.
also assembled as a tetramer, that we believe spans
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Callitrichid hepatitis (CH) is an acute, often fatal viral infection of New World primates from the family
Callltrichidae. The etiologic agent of CH is unknown. We report here the isolation or an arenavirus from a
common marmoset (Callithrir jacchus) with CH by using in vitro cultures of marmoset hepatocytes and
Vero-E6 cells. Enveloped vfrions 67 to 133 nm in diameter with ribosomelike internal structures were seen in
infected cultures. Immunofluorescence and Western Immunoblot analysis using CH-specific antisera (princi-
pally from animals exposed to CH during zoo outbreaks) revealed three antigens in cells Infected with this
CH-associated virus (CHV). These antigens had the same electrophoretic mobilities on sodium dodecyl
sulfate-polyacrylamide gels as did the nucleocapsid, GP2, and GPC proteins of lymphocytic chorlomeningitis
virus (LCMV). Monoclonal antibodies specific for these arenavirus proteins also reacted with the three CI{V
antigens. Conversely. the CH.specific antisera reacted with the nucleocapsid, GP2, and GPC proteins of
LCMV. CHV thus appears to be a close antigenic relative of LCMV. The serologic association of CHV with
several CH outbreaks implicate It as the etiologic agent of this disease.

Callitrichid hepatitis (CH) occurs in discrete epizootics in and in vitro cultures of these cells are known to be permis-
zoo collections of tamarins and marmosets (14). Twelve sive for the replication of other hepatotropic viruscs (7, 8).
outbreaks h:i' )ccurred in the United States since 1980. Our initial goal was to demonstrate replication of CHV in
killing 57 anit: is. Included among the deaths were callitri- cell culture by using CH-specific antisera from convalescent
chid species that are considered endangered in the wild, such animals (17). Electron microscopy (EM) was then used to
as the golden lion tamarin (Leontopithecus rosalia), which is identify key morphologic characteristics of the CHV virion.
being bred in U.S. zoos for release into its native habitat in Finally, since CHV appeared to be an ultrastructurally
Brazil. CH epizootics are thus a threat to this breeding typical arenavirus, we tested (i' arenavirus-specific mono-
program. Premortem signs of CH are nonspecific, including clonal antibodies (MAbs) for their ability to react with

n dyspnea, anorexia, weakness, and lethargy, and are fre- CH-specific antigens and (ii) CH-specific antisera for their
quently followed by prostration and death. Postmortem ability to react with lymphocytic choriomeningitis virus
findings include jaundice, pleural and pericardial effusions (LCMV), the prototypic Old World arenavirus.
(occasionally sanguinous). subcutaneous and intramuscular
hemorrhage, and hepatosplenomegaly. Diffuse hepatocellu-
lar necrosis with the formation of acidophilic bodies and mild MATERIALS AND METHODS
inflammatory infiltrate is a consistent finding (12, 14). The
typical CH syndrome can be experimentally produced in Hepatocyte cultures. A liver wedge biopsy was obtained
marmosets by parenteral inoculation with a bacteria-free from a 2.5year.old male common marmoset (Caslithrix
liver filtrate from an animal with CH (12). Sera from callitri- fa yeatold male cmon marmoe CithrLrat ci~l, VithCH nd romsomeasyptoati anmal cx jacchus). Hepatocytes were isolated by perfusion with col-
chied to th CH and from some asymptods atic animals ex- lagenase as previously described (7, 8, 10) and were plated atNo~ed sto the disease contain antibodies that react with three a density of 10' cells per 60-ram dish (Primaria. Falcon).
antigen, found in the livers of animals that died of CH (17). Des of 10'tcelser 60tm dih (oramai. Falony.
Thc,,c antigens appear to be viral proteins belonging to the Dishes were pretreated with rat tail collagen. Hepatocytes
su'.Ptcd etiologic agent of CH. termed CH-i-associaled were allowed to attach for 3 h in Williams medium Eýiru% 'CHVtc supplemented with 5"7 fetal bovine serum, at which time the
sIn IN r tudies described here, we act out to cultivate CHV cultures were washed and changed to a serum-free medium

in thený cultudies deofbe hereset Oupato . (10) cultiate CH supplemented with growth factors and hormones (10). The
in prinldra cultures of marmoset hepatocytes (10) because cultivation and characterization of baboo~i and chimpanzee
hepatoste, are one of the targets of CiV infection in vivo hepatocytes in serum-free medium have been described 07.

8, 10). Secretion of apolix)proleinm Al and E hb the hcpa-
tocyle cultures wae monitored by Western immunohlot as

a(-,10rndini author stringent marker% of differentiation. Stable levels of ,ecre.
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tion of these markers were observed over a 66-day period in
culture (data not shown).

Vero cell cultures. Vero-E6 cells were cultured in Dulbec-
co's modified Eagle's medium (GIBCO, Grand Island, N.Y.)
with 5% fetal bovine serum. LPZ 4

Virus inoculation. Liver (0.3 g) from experimentally inoc-
ulated common marmoset EXP2 (12) was thawed, placed in
6 ml of Dulbecco's modified Eagle's medium containing 10
mM N-2-hydroxyethylpiperazine-N'-ethanesulfonic acid
(HEPES) buffer, homogenized, and spun at 1,500 x g for 10
min at 4°C, and the supernatant was frozen at -85'C until
used. EXP2 was inoculated with liver filtrate from an em- A'

peror tamarin (Saguinus imperator) that died with CH at the MW2
Oklahoma City Zoo (14). EXP2 subsequently developed CH
and died 7 days after inoculation (12). The homogenate was
diluted five- or sixfold with cell culture medium and filtered -Az
through a sterile 0.22- or 0.45-.Lm-pore-size fi;ter. and 0.5 ml
was used to inoculate cells cultured in 60-mm dishes. Vero
cells were also inoculated with LCMV-Armstrong obtained s'
from the American Type Culture Collection (Rockville, Md.)
essentially as described for CHV. NZP4

Imnmunofluorescence. Hepatocytes were fixed in cold ace- f
tone, and Vero-E6 cells were fixed in a cold 1:1 mixture of
acetone-methanol. Binding of callitrichid antisera (diluted in
phosphate-buffered saline [PBS] containing 0.2% bovine
serum albumin) and mutine MAbs (diluted in PBS containing FIG. 1. Immunofluorescence analysis. CHV-inoculated marmo-
0.5% normal goat serum) was detected by using fluorescein set hepatocyte cultures with CH-specific tamarin antisera I.PZ and
isothiocyanate-(FITC)-labeled protein A and fluorescein iso- MW2 show punctate cytoplasinic fluorescence, while negative con-
thiocyanate-labeled goat anti-mouse immunoglobulin G trol serum NZP4 did not react (1:100 dilutions). Cultures were fixed
(Kirkegaard & Perry Laboratories, Gaithersburg, Md.). re- in acetone 9 (LPZ) and 11 (MW2 and NZP4) days after inoculation
spectively. with an infectious liver filtrate from a common marmoset (EXP2)

Western immunoblots. Cell monolayers were extracted by with CH. Results were similar on days 3, 5, 7, and 28 after infection.
using Laemmli sample treatment buffer (9) with the following The fluorescent (left) and phase.contrast (right) photographs are of

cmsulfate (SDS) 4% 2-mer- the same field. CHV-specific sera BZ1 and OKCZl reacted similarlycomposition: 4% sodium dodecyl suft SS,4 -e- to LPZ and MW2 (data not shown).
captoethanol, 50 mM Tris, 100 mM NaCi, 10% glycerol, and

0.05 mg of bromophenol blue per ml. SDS-polyacrylamide
gel electrophoresis (PAGE) and Western immutoblot anal-
ysis were performed as described previously (17), using 10% Negative control sera were from two golden lion tamarins
acrylamide gels and a Mini-Protean II gel apparatus (Bio- never exposed to CH (NZP3 and NZP4). The reaction of
Rad, Rockville Centre, N.Y.). 1231-protein A was used as the these sera with CH-specific antigens has been described in
reporter molecule. Two types of molecular mass markers detail (17). A polyclonal anti-LCMV mouse ascitic fluid was
were used: (i) prestained standards (rainbow markers; Am- purchased from Microbiological Associates (Rockville,
ersham, Arlington Heights, I1l.) and (ii) unstained standards Md.).
(high-range standards; Bethesda Research Laboratories, MAbs, MAb 3B-3.1, raised against Pichinde virus, recog-
Gaithersburg, Md.) visualized by staining with India ink (6). nizes a highly conserved epitope on the nucleocapsid protein
Marmoset liver samples were prepared for Western blot of both New World and Old World arenaviruses (4). while
andlysis as described previously (17). MAb 1-1.3. raised against LCMV. recognizes a different

EM. Cell monolayers on 60-mm dishes were fixed in 1% epitope present only on the nucleocapsid protein of Old
glutaraldehyde in PBS, postfixed with 1% osmium tetroxide World arenaviruses (3). MAbs 33.6 and 9-7.9, both raised
in PBS, and dehydrated in graded ethanol solutions. The against LCMV, recognize two different epitopes within one
fixed monolayers were then released from the plastic surface antigenic site on the virion surface glycoprotein GP2. The
by using propylene oxide, embedded in Polybed 812, and epitope recognized by MAb 33.6 is found on both New
sectioned with a diamond knife. Sections were stained with World and Old World arenaviruses, while the epitope rec-
uranyl acetate and lead citrate and examined with a Philips ognized by MAb 9-7.9 is restricted to Old World arenavi-
301 electron microsc,,-,e. ruses (20).

Antisera. CH-specific sera available for use in this study
were drawn from callitrichids exposed to CH at the Okla- RESULTS
homa City Zoo. Oklahoma City, Okla. (OKCZ1; emperor
tariiain), the Bruukfield Zoo, Chicago, Ill. (BZI; Goeldi's tvidence of CHV replication in cell culture. Hepatocytes
monkey; Callimi'o goeldli), the Lincoln Park Zoo. Chicago. inoculated with liver filtrate from a marmoset with CH were
Ill. (LPZ: emperor tamarin), and Marineworld, Vallejo. examined by immunofluorescence using CH-specific sera
Calif. (MW2; saddleback tamarin; Saguinusfuslof is). While from animah, exposed to CH during four separate CH
BZ1 was asymptomatic, -he other three tamarins had clinical outbreaks (17). All four sera reacted with inoculated but not
and pathoiogical evidence of CH (14). CH-specific serum uninuculated cultures on all potinoculation days (Fig. D).
R306 was raised in a rabbit against the 54-kDa putative viral Typically. approximately .0(Y/ of cells in the inoculated
antigen identified in the livers of marmosets with CH 117). cultures, showed punctate cytoplasmw. fluorescence. with



VOL. 65. 1991 ETIOLOGY OF CALLITRICHID HEPATITIS 3997

A jt

5 ~FIG. 2. Presence of typical arenavirus particles in Cl-IV-inoculated marmoset hepatocyte and Vero-E6 cultures. Transmission EM analysis
* ~of marmoset hepatocytes (A and B) and Vero- E6 cells (C to E) 3 and 4 (E) days after inoculation with infectious liver filtrate from a common

marnio'.et (EXP2) with CH revealed virions with morphologic characteristics of the family Arenavirida,. Final magnifications are x 135.000.
Bar represents 100 nm.

n
e
it some cells containing large inclusions. Control sera from virus particles were not seen during extensive examinationd scronega~ive animals showed no specific fluorescence (Fig. of the uninoculated cultures. Since arenaviruses can often bed Il. Hepatocytes inoculated with cell-free supernatants re- cultivated in Vero-E6 cells (11). cultures of these cells weree mo% ed from liver filtrate-inoculated cells I1I to 13 days after inoculated with the infectious liver filtrate. No cytopathic

ICinfectiorn showed the same pattern of fluorescence as the effects were seen. but EM examination revealed typicalW liver filtrate-inoculated cells, while sham-inoculated cultures arenaviruslike vinions (Fig. 2). Inoculated Vero-E6 cells alsoshossed noj specific fluorescence (data not shown). No obvi- showed a pattern of punctate cytoplasmic fluorescence when
i-Ous c~topathic effects were seen in the inoculated hepato- examined with CH-speciflc sent (daita not shown). Uninoc-

WCt Cultures, These data indicate that CHV productively ulated cultures showed no specific fluorescence. CHV thusiifects% in vitro cultures of marmoset hepatocytes, appears to replicate in Vero-E6 cells as well as in hepato-
EM examination of hepatocyte cultures was performed to cytes.

idernify the ultrastructural characteristics of the CHV vinion. AntiftenIC rehlat hiohp of CHV to arenavlnihs. lo deter-
Sections from parallel inoculated and Lininoculated cultures mine whether C)-V wits. anligenically related to memnbers of
fixed 3. 7. and 11 days after inoculation were examined the family Arenai-iridae. CH-V.inoculated hepatocytes and

ra Under codc to prevent bias. Enveloped virus particles 67 to Vero-E6 cells \#,ere examined by immunofluorescence using
H 1.1,3 nm in diameter with an apparent glycoprotein fringe of four arenaviru%-specific MAbs. MAb% 3B-3.1 and 1-1.3.,ol PP'oximaiteh 10 to 1S nm and electron-dense internal which are specific for the nucleocapsid protein. reacted only

I) tructure..A shich appeared to he rtsosomes were seen extra- with inoculated cells, showing a pattern of punntatc cyto-
ed ccllularlý in the day 3 inoculated culture lFig. 2). These plasmic fluorescence in both hepatoycyte (Fig. 3) and

Ith iriun. r(:..emhlc members of thc famil) Arenaviridar. These Vero-E6 cells Idutd not show4n). similar to the pattern seen
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winclth o the h infectious sier. Mitats 33.6 an co7mon whcharmoet fxdi co 33.6an5(979dysferncutonwh

specific for the surface glycoprotein GP2, gave a pattern of
diffuse cytoplasmic fluorescence when reacted with CH-V- same electrophoretic mobility (Fig. 5). The molecular mass
inoculated hepatocytes (Fig. 4) and Vero-E6 cells (data not of the LCNIV nucleocapsid protein is reported to be 63 kDa
shown). No specific fluorescence was seen when MAb 33.6 (2), although die mass relative to the standards used here is
was incubated with uninoculated hcpatocytes or Vero-E6 closer to 54 kDa. as we previously reported for CHV (17).
cells or when normal mouse ascitic qluid was incubated with This inconsistency is apparently due to the use of different
CHV-infected hepatocytes (data no: shownj. Whereas molecular mass standards in these two studies. MAb 33.6
MAbs 3B-3.1 and 33.6 recogniZe highly conserved epitopes identifies the GP2_ and GPC proteins of LCMV and also
found in both New and Old World arenavirus~s. N1Abs 1-1 3 identities two CHV antigens of the same eleclrophorctic
and 9-7.9 recognize epitopei restricted to Old World airena- mobiliicis (Fig. 5). rhese are presumably the homnologous
viruses. These data suggest that (.1W Iýek~ngs to the Old CHV glycoproteins. (MAb 33.6 also recognized an antigen of
World family of aren'in irses. Polyc lonal aniii-LCM V ascitic 47 to 51 kl~a tn LCUMV-mnfected Vero cell% [Fig. 51. The
fluid aiso reacted spcifcjhally with (.HV-inoculated cells identity of this antigcm is uncertain.) When exttracts of
(data not shown), reinforcing this conclusion. Cl-IV-infected cells wcre run in adjacent lancs kin the same

To determine the apparent molecular n- *sscs of th'e CHV gc:l and %,ere subsequenitly prohcd with the irentasrus M~bs
antigens identified by the arenavirus-spe..,ihc SiAbs. extracts and the CH-specitic sera from infected inimrals, the three
of CHV- aind LCMV-trnfected cells w4ere .inalyied b~y We,,(- CH-%pecitic antigen-, identified by these scrai %e~re show4n to
emn blot. MlAb 1-'.3 recognized the nucleocarsid protein of comigrate with the nuclcocaripsd. 01l'2. and (6R' proteins
LCNIV ind an apparently homologous CHV pro~cin oif the identihed hy the MAt's. stiggesting that both the ( I-sr:citic
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FIG. 5. Evidence that the GPC, GP2, and nucleocapsid proteins FIG. 6. Evidence that CH-specific antiscra recognize the GPC
of LCMV have the same electrophoretic mobilities as the homolo- (diamond). GP2 (open arrow), and nucleocapsid (closed arrow)
gous CHV proteins. Cultures of marmoset hepatocytes (Hep.) and proteins of LCMV. Cultures of marmoset hepatocytes (Hep.) and
Vero-E6 cells (Vero) were inoculated with infectious liver filtrate Vero-E6 cells (Vero) were inoculated with infectious liver filtrate
from a common marmoset with CH (EXP2) and with LCMV- from a common marmoset with CH (EXP2) and with LCMV-
Armstrong (Vero-E6 cells only). Extracts (20 .IL per lane) made 3 Armstrong (Vero-E6 cells only). Extracts (20 ILI per lane) made 3
days postinfection from parallel inoculated (LCMV and CHV) and days postinfection from pai-allel inoculated (LCMV and CHV) and
uninoculated (-) cultures were analyzed by Western blot using uninoculated (-) cultures were analyzed by Western blot using
MAbs specific for LCMV nucleocapsid (1-1.3) and GP2 and GPC CH-specific sera from callitnchids BZ1 (1:100 dilution) and LPZ
proteins (33.6). The LCMV nucleocapsid protein (NP) and GPC and (1:50 dilution) and rabbit serum R306 (1:25 dilution). Serum R306
GP2 proteins are indicated. The MAbs were diluted 1:100, and a was rised against the putative CHV nucleocapsid protein partially
secondary rabbit anti-mouse immunoglobulin G (Sigma, St. Louis, purified from the liver of an infected animal by preparative SDS-
Mo ) was used for amplification. Sizes on the right are indicated in PAGE. This preparation also contained normal cellular proteins.
kilodaltons. some of which are recognized by this serum. Thus, a cellular antigen

of similar molecular mass to the CHV nucleocapsid protein is seen
faintly in the uninoculated Vero-E6 cell extract, even though R306

sera and the MAbs identify the same viral proteins (data not was preabsorbed against normal marmoset liver and acetone-meth-
shown). anol-fixed Vero-E6 cells. Sizes on the right are indicated in kilodal-

shown).tons.
Because arenavirus-specific antibodies were shown to

react with CHV antigens (Fig. 3 to . CH-specific sera were
tested by Western blot to determine whether reciprocal
cross-reactions occurred against LCMV proteins. Sera from reaction of CH-specific sera with LCMV-Armstrong. The
tamarins BZ1 and LPZ, and serum R306 raised against the Old World arenaviruses are geographically limited to Africa,
54.kDa CHV antigen, reacted with the nucleocapsid protein with the single known exception of LCMV, which can be
of LCMV in infected Vero-E6 cells and with the apparent found in Europe. Asia, Africa. and the Americas (11).
nucleocapsid protein of CHV in infected hepatocytes and Considering the geographic origin of this CHV isolate.

re Vero-E6 cells (Fig. 6, closed arrow). Serum BZ1 also clearly Oklahoma City, CHV may be more closely related to LCMV
th identified the LCMV proteins GP2 (open arrow) and GPC than to other Old World arenaviruses. A close relationship

(diamond) as well as antigens of similar mobility in the between CHV and LCMV is also supported by the cross-
0. CHY-infected cells (Fig. 6; the CHV glycoproteins are less reaction of several CH-specific sera with LCMV-Arnstrong.

abundant in these extracts, making these bands much lighter CHV is antigenically linked to several outbreaks of CH.
than the corresponding LCMV bands). None of the CH- Sera from animals exposed at the Oklahoma City Zoo, the
specific sera reacted with the arenavirus g'ycoprotein GPI. Brookfield Zoo, the Lincoln Park Zoo and Marineworld
The significance of this is uncertain, since the presence of (Vallejo, Calif.) reacted with CHV in infected hepatocytes
GPI in these cultures was not confirmed by using anti-GP1 and Vero-E6 cells by immunofluorescence and Western blotantibodies. The reartion of CH-specific sera with LCMV analysis. Similarly, the rabbit immune serum raised againstproteins further strengthens the close relationship of CHV to the 54-kDa CHV antigen purified from an experimentally
member- of the Old World group of arenaviruses. infected marmoset also reacted with CHV. These data

strongly implicate CHV as the etiologic agent of CH.
DISCUSSION The pathologic changes caused by CHV infection arestrikingly similar to those seen in typica*. arenavirus infec-

H' is an ult rastructu rally typical arenavirus, It is envel- tions. For example. Lassa fever and CH have several
sopcd apparently buds from the cytoplasmic membrane (no similarities, including an acutc course, involvement of mul-

intact virions were seen intra-ellularly). has a glycoprotein tiple organs (including liver and spleen), petechial hemor-
c fringe ,ontains ribosomelike interna! structures, and has a rhale, (although not prominent in either CH or Lassa fever).
A diameter ranging from 67 nm (condensed spherical particle5) nonsanguinous pleural and pcricardial effisions, and. most

to 130 nm (plciomorphic particles with electron-lucent areas strikingly, a pattern of microscopic liver changes that in-
bs within the virion cross section), as has been described for cludes multifocal hepatocellular necrosis with formation of
C LCMV 5, 15). acidophilic bodies and minor inflammation. This type of liver

SCHV is anligenically related to the Old World arenvi- lesion is characteristic of CH and is the most consistent
rt.es. Thi% was demonstrated clearly by the reaction of the rnicroscopic finding of Lassa fcvtir (i1. 19). Experimental

fic arena%.irus.specific MAbs with CHV anS thc reciprocal infection of cynomolgus m•.jeucis wKth LCMV-WE also
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produced an acute. often fatal disease with some similarities fication of the virus structural and cell associated polypeptides.
to CH, although hemorrhagic signs are much more pro- Virology 89:133-145.
nounced than in CH (13). These similarities support the 3. Buchnmiiee, M. J., H. A. Lewidd, 0. Tomorl, and K. %M.
argument that CHV is the etiologic agent of CH. Johnson, 1980. Monoclonal antibodies to lymphocytic chori-

Arenaviruses aie typically maintained in rodent reservoirs omeningitis virus react with pathogenic arenaviruses. Nature
(London) 288:486-487.

by causing persistent infections durinj which infectious 4. Buchuneer, M. J.. H. A. Lewkkl, 0. Tomorl, and M. B. A.
virus is excreted in the urine (11). This r~iggests that CHV Oldstoue. 1981. Monoclonal antibodies to lymphocytic chon-
may also persist in such a reservoir species. Rodents (in- omeningitis and Pichinde viruses: generation, characterization
cluding Mus musculus, a known host of LCMV) are common and cross-reactivity with other arenaviruses. Virology 113:73-
inhabitants of zoos and may be the principal reservoir of 85.
CHV. Another possible reservoir could be African rodent 5. Dalton, A. J., W. P. Rowe, G. H. Smith. R. E. Wilsua, and
species (Mastomys and Paromys) that serve as reservoirs for W. E. Pugh. 1968. Morphological and cytochem;cal studies on

the Lassa and Mopeia arenaviruses. respectively, in Africa. lymphocytic choriomeningitis virus. J. Virol. 2:1465-1478.

Such species are kept on exhibit in some zoos. 6. Harlow, E., and D. Lane. 1988. Antibodies: a laboratory man-
Zoo woreries areeptosed tohib infected primates o - I. p. 495. Cold Spring Harbor Laboratory, Cold Spnng
Zoo workers exposed to CHV-infected primates or ro-- Harbor, N.Y.

dents may be at risk of infection. Two zoo veterinarians who 7. Jacob, J. R., K. H. Burk, J. W. Elchberg, G. R. Dreesman, and
cared for callitrichids with CH were found to be seropositive R. E. Lanford. L990. Expression of infectious viral particles by
for CHV, although neither recalled being ill at the time of primary chimpanzee hepatocytes isolated during the acute
exposure (unpublished observations). Human CHV infec- phase of non-A, non-B hepatitis. J. Infect. Dis. 161:1121-1127.
tion could thus be asymptomatic, as is sometimes the case 8. Jacob, J. R., J. W. Elchberg, and R. E. Lanford. 1989. In vitro
with LCMV (1). However. LCMV can also cause sympto- replication and expression of hepatitis B virus from chronically
matic disease in humans ranging from a flulike illness to infected chimpanzee hepatocytes. Hepatology 10:921-927.

meningitis to a fatal, hemorrhagic syndrome (16, 18), sug- 9. Luemmll, U. K. 1970. Cleavage of structural proteins during the

gesting that CHV be treated as a serious health hazard for assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

zoo personnel. 10. Lanford, R. E., K. D. Carey, L. E. Estlack, G. C. Smith, and
The data reported here strongly implicate CHV as the R. V. Hay. 1989. Analysis of plasma protein and lipoprotein

etiologic agent of CH. although marmoset inoculation stud- synthesis in long-term primary cultures of baboon hepatocytes
ies with a clonally derived inoculum grown in cell culture are maintained in serum-free medium. In Vitro Cell. Dev. Biol.
needed to definitively establish this etiologic relationship. 25:174-181.
The exact relationship of CHV to other arenaviruses should 11. McCormick, J. B. 1990. Arenaviruses, p. 1245-1267. In B. N.
also be further explored. Sequencing of relevant portions of Fields and D. M. Knipe (ed.). Virology. Raven Press, New
the genome and preparation of MAbs are now possible, since York.
we have shown that the virus can be grown in cell culture. 12. Montia, R. J., E. C. Ramsay, C. B. Stepbensen, M. Wortey,
Preparation of CHV-specific reagents will also allow the J. A. Davis, and K. V. Holmes. 1989. A new transmissible viral

hepatitis of marmosets and tamnains. J. Infect. Dis. 160:759-
examination of histologic specimens to determine whether 765.
affected animals from other CH outbreaks show antigenic 13. Peters, C. J., P. B. Jahrlhln, C. T. Llu, R. H. Kenyon, K. T.
evidence of infection with CHV. Finally. serologic studies McKee, Jr., and J. G. Barrera Ore. 1987. Experimental studies
will be facilitated by the availability of purified CHV antigen of arenaviral hemorrhagic fevers. Curr. Top. Microbiol.
and will allow for surveillance of callitrichid populations lmmmunol. 1134:5-68.
(and reservoir species) for evidence of infection. Such infor- 14. Ramsay, E. C., R. J. Montatl, M. Worley, C. B. Stephensen, and
mation should enable zoos to prevent future CH outbreaks K. V. Holmes. 1989. Callitrichid hepatitis: epizootiology of a
and avoid the losses that have plagued many U.S. zoos over fatal hepatitis in zoo tamarins and marmosets. J. Zoo Wildl.

Mcd, 20:178-183.
the past decade. 15. Rowe, W. P., F. A. Murphy. G. H. Bergold. J. Casala. J.

Hotchin. K. M. Johnson, F. Lehnann-Grube, C. A. Mims, E.
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"The role of antiviral antibodies in resistance to lymphocytic chorlomeningitis virus (LCMV) infection was
explored. Immune serum and monoclonal antibodies prevented fatal T-cell-mediated Immunopathology
following acute LCMV Infections. In addition, 10- and 14-day-old mice that received maternally derived
anti-LCMV antibodies through nursing were protected from an otherwise lethal LCMV challenge. Detailed
investigation of the mechanism(s) by which these antiviral antibodies prrvided protection was carried out by
using anti-LCKV monoclonal antibodies. Protection correlated directly with the ability of the antibodies to
reduce viral titers in the tissues of conventional (K, E. Wright and M. J. Bu'chmeler, J. Virol. 65:3001-3006,
1991) aud nude mice. However, this reduction was not simply a reflection of virus neutralizing activity, since
not all antibodies which neutralized in vitro were protective. A correlation was also found between
immunoglobulin isotype and protection: all of the protective antibodies were immunoglobulin G2a (IgG2aY,
while IgGi antibodies mapping to the same epitopes were not. Protection appeared to be associated with events
controlled by the Fc region. Functional F(ab')1 fragments which retained in vitro neutralizing activity were not
protective in vivo. Furthermore, this Fc-associated function was not related to complement-mediated cell lysis,
since CS-deficient mouse strains were also protected. These results suggest a role for antibody in protection
from arenavirus infections and indicate that a distinct Immunoglobulin subclass, lgG2a, may be essential for
this protection.

Passive humoral immunotherapy is currrntly the treat- though no clear protective advantage has yet been ascribed
ment of choice for the arenavirus infection in humans caused to the lgG2a immunoglobulins elicited during viral infec-
by Junin virus (9) and has been used successfully to treat tions, this irmnunoglobulin subclass efficiently activates the
Lassa fever (24). In nonhuman primates, the combined use complement system, which may be advantageous to the host
of immune plasma and ribavirin is more effective than either (12. 18).
therapy alone and thus looks promising for clinical use (19). The arenavirus LCMV can trigger three distinct outcomes
Despite the demonstrated effectiveness of passive antibody during infections of mice: (i) an acute asymptomatic infec.
therapy, the mode of action remains poorly understood. tion followed by viral clearance and life-long immunity when
Because of the risks inherent in using humnan convalescent- immunocompetent adults are inoculated extraneurally, (ii)
phase sera, monoclonal antibody (MAb) therapy has become an acute fatal, T-cell-mediated lymphocylic choriomeningitis
an attractive alternative. Defining the protective mccha- (LCM) which develops following intracerebral (i.c.) inocu-
nisms by which antibodies mediate protection is critical so lation of immunocompetent adults, and (iii) a life-long per-
that therapeutic MAbs and vaccine regimens can be appro- sistent infection following inoculation of neonatal or immu-
priately targeted to protective epitopes while avoiding po- nocompromis, I adult mice. Studies of the humoral response
tentially enhancing reactions. In this study, we irvestigate to LCMV infections hive demonstrated that antiviral anti-
the requirements for and mechanism of action of humoral bodies are produced during both the acute and the persistent
protection against lymphocytic choriomeningitis virus infections (4, 26). During acute infections, complement-
(LCMV) infection, fluxing antibodies can be detected as early as 6 days postin-

Although the protective role of antibody in viral infections fection and reach peak titers in 2 to 3 weeks (4). Neutralizing
is appreciated, it remains poorly understood. Antiviral anti- antibodies appear later and have specificity for the major
bodies aie predominantly of the immunoglobuiin G2a viral glycoprotein, GP-1 (2, 4). Also following an acute
(lgG2a) isotype (8), while antibodies produced against solu- infection, the majority of virus-specific antibodies are of the
ble proteins are predominantly of the IgG1 subclass (8, 33). lgG2a isotype, but mice enduring persistent infections pro-
This distinct difference in isotype production most likely duce predominantly low-affini*y IgG1 antibodies (36, 37).
relates to differences in cytokines induced in response to the The complexing of these antiviral antibodies with viral
antigen (13). Production of lgG2a antibodies requires T-cell antigens during persistent infections leads to chronic ,lomer-
help in the form of gamma interferon, which is generated in ulonephritis (29).
large quantities during viral infections (13). while IgG1 Theprotectivecapacityofanti-LCMVantibodieswasfirst
production is more dependent on interleukin-4 (38). AJ- demonstrated by Rowe (34), but with limited success. More

recently, Thomsen and Marker (35) demonstrated that
LCMV infections are re~stricted by passively transferred

Corresponding author. antibodies, suggesting that preformed antibodies may play a
t Publication 7132-NP from the Department of Neurophannacol. dominant role in resistance to reinfection. Finally. Wright

ogy,. The Scripps Research Institute. and Buchrneier (39) showed that passively acquired MAbs
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directed against the GP-l glycoprotein can attenuate fatal TABLE 1. Attenuation of lethal LCM by passively

T-cell-medisted LCM disease. In this report, we extend transferred immune serum

thtose observations, using the model of antibody-mediated Oxi roup 9tSurvival'

attenuation of LCM disease to itivestigate the mechanisms
by which antiviral antibodies provide protection. Nommun control0

Immue cotrol100

HT tASADMTOSSerum recipients 50

Mir s. The Armstrong strain 4 (ARKI-4) and Armstrong 2Iommul control 100

strain 5 (ARM-5) variants of LCMV were used for these Imueu rcipintso 100

studies. These strains differ in their sensitivity to neutraliza- Srmrcpet 0

tion by MAb 2.11.10 (40) but show no difference in the ability Donor BALBJc mice were immunized with 1OV PFtJ of AtM-4 30) days

to induce liethal acute LCM disease following inoculation of prior to bleeiing. Recipient BALB/c mice were injected i~v. with 0.2 ml of
serum from immune donors immediately prior to viral challenge for expert*

jinmunocompeteflt mice (39). Both viral variants were ong- merit I or ip. infusions of serum (0.2 ml pe! mouse) the day before and the day

inally plaque purified from a stock of Armstrong CA 1371. of viral challenge for experiment 2. The simmune serum donors were from a

Working stocks of virus were obtained from infected grup of mice treated identicalty to the immune control mice.

BH-1cells (multiplicity of infection of 0.1) 48 h postin- Mice (f .r per group) were challenged with 500 PFU (Z1.000 LDw, of

fection and stored in 1-mI aliquots at -70CC. LM RAU ~.iouain

Slice. Female BALB!cByJ, SWRIJ. and A/J mice of

inatched age (4 to 6 weeks) were obtained from the rodent 5%lta oe'(D)(0 F)o h R- tano

breeding colony at The Scripps Research Institute. Athymic 50% l iftya perent of the500 miceo theat M rsceved nl one

BALBIWehi-nude male and female mice of matched age (4 infus. iooft serume0.2ml on the daye ofthallrengesrived ol n

to 6 weeks) were also obtained from the rodent breeding fso fsrm(. l n h a fcalnesrie
colny t Te Srips Rseach nsttut. Sve-week-ol (Table 1, experiment 1). Whe'n a. second 0.2-mi dose 9f

coloy a Th ScippsResarc Intitue. eve ld immune serum was given to recipients, all of the mice
BIO.D2/nSnJ and BIO.D)2IoSnJ female mice were purchased survived the challenge (Table 1, experiment 2).
from Jackson Laboratory (Bar Harbor, Maine).

NIAb oreatment. Mice were passively immunized with Infection of neonatal mice with LCMV normally results in

anti-LCMV MAbs by intraperitoneal (i.p.) injection of 0.2 ml a life-long persistent infection; however, by 10 days of age,

of crude ascitic fluid on the day before and the day of viral mice challenged with virus die of acute LCM. We took

challenge, unless otherwise noted. Generation and charac- advantage of this age-dependent change in susceptibility to

teiainof the murine anti-LCMV M.Abs have been de- disease to study acquired resistance to LCMV infectipri in a

scribedtin dealPeiul 3 0.mother-baby model. Passage of imnrunoglobulin from

sirib edilng deail peIomusly tins (3,e weecalne mother to baby across the placenta and in the colostrum is

by i.c. inoculation of 1,000 PFU (unless otherwise indicated) wl nw 1) hrfrw ogtt eemn hte

of virus. The virus was diluted in Dulbecco modified Eagle protective levels of anti.LCMV antibodies could be obtained
medim fr dlivry f 5 1L foradut mce nd 0elfor in this manner. Ten- and 14-day-old suckling pups were

mediuesImufrdeie mofhr 50wefre admultze m itc h 1nd for hllne i.c. with 1,000 PFU of LCMV (z2,000 LD5%).

neoate. imoculaine mothers wemre immuized womaithn0g. The pups born to and nursed by immune dams had a 100%
by p.inoultio 30das o moe rio tomaIng survival rate, while all pups born to and nursed by normal

Flab%) fragment pireparation. MAb 2.11.10 (fgG2a) was mohrdid(al2)Pusnsebymuemterhd
purified from ascitic fluid on protein A cclumns (Pierce, mohrdid(al2.Pusnsebymuemteshd

Rockford, 111.) (11). The antibody was ciialyzed and concen-
trated in an Amicon filtration cell (Amicon, Beverly, Mass.).
MAb at a concentration of 10 mg/mI in 20 mM sodium TABLE 2. Protection from letha challenge of pupr

acetate buffer (pH 4.0) was mixed 2:1 with immobilized nursing oni immune dams

pepsin in 20 mM sodium acetate buffer (pH 3). The mixture Bit otr Aeo%"Sur~ial
was incubated overnight at 376C on a tube totater. The oibtrsh Fostere pup uon wps (toual no. of

digestion was stopped by removal of the pepsin, and the ite? chaillenge' weased

undigested MAb was removed by protein A column chro- Immune 10 days No 100 (6)

mnatography. The unbound fraction was collected as the Nontmmune 10 days No 0(4)

F(ab')2 and purity checked by sodium doidecyl sulfate-
polyacrylamide gel electrophoresis analysis. Activity of immune 14 days No 100 (6)

Fiab')2 was cionfirmed by an in vitro plaque reduction Nontminune 14 days No 0(7)

neutralizotion assay. lwueSw e 97

RSLSNonimrmune 
5 wk Yes 0(4)

R ULSNonirnmunec immune 14 days No 73(05)

?parsivety trasferred immum e mn'm and maternal anilbod- Immune Nonimmune 14 days No 0(12)
im pastedad mice from T-cull-mda~latd LCM. Previous ex.- _ _______________

perimncrts from this laboratory have demonstrated that ate pua wvre born to ettliee ~wwvI-p Q ims-iuic da=a as idcateCd.
atteuat immnopthoogiceffcts lamumsa dams were given 10W PFU of LCMV by mjectut 30 or amorne days

of lethal LCM disease (39). In our initial experiments, we " Withinl 24 It of binlt. foster-nursed pupa were switchted to eititer noismm

sought to determine whether similar attenuation could be mune or ionmune foster mothers as iWacated.

achieved by using a passively tritnsfc-red anti-LCMV poly- IPu" wefe challenged at the isdicatd age with 1.000 PFU of LCMV via

clonal antiserum. In the first set of experimecnts, recipient i*¶. Weanliimng a.oea ek fae

SALB/c mice were given serum from immune BALB/c I Th tu~n nuo -ikii so evideae ot LCMV ton th m b "ai. lvr or

donors and then challenged by i.c. inoculation with 2!1,000 60""e 30 daer posiehallenige.



4254 RALDPIDGE AND BUCHMEIER J. VIROL

TABLE 3. Protection from LCMV challenge ot bu.ckling A
pups of 2.11.10-treated u.msA

Viral % Survival
challenge (total no. of mice)

1 ARM-4 40(5)
ARM-S 0 (5)4

2 ARM-4 83(6)
ARM.5 0 (3)

The mothers were nonimmune when their pups were born but were
suabaequently infused with 0.2 ml of MAb 2.11.10 ascites every third day
(experiment 1) or every second day (experiment 2) from the time of birth until
the pups were challenged.

I Pups were challenged at 14 days of age with 500 PFU (z 1,000 LDsu) of DAY 0 DAf 2 DAY 6 DAY 10
LCMV ARM-4 or ARM-. by i.c. inoculation. The ARM-4 strain of LCMV has
the GP-ID epitope as defined by MAb 2.11.10 (40), while the ARM-S strain
lacks this epitape.

anti-LCMV antibody titers equivalent to those of theirmothers. Titers for mothers and pups were both 1/655,36o0,

as determined by enzyme-linked immunosorbent assay
(ELISA). Maternally derived protection was transient; pups 4
born of and nursed by immune mothers lacked resistance 4

(71% mortality) when challenged at 5 weeks of age after
weaning at 3 weeks (Table 2).

To determine whether protection was being transferred to
the pups through the milk or across the placenta, foster-
nursing experiments were perforn. .. In these experiments,
pups born to immune and nonimmune mothers were DAY 0 DAY 2 DAY s DAY 10
switched within 24 h of birth and nursed by foster mothers.
Those pups born to r,--nimmune mothers and nursed by
immune dams had a 73% survival rate following i.c. chal-
lenge. However, none of the pups born to immune mothers S
and foster nursed by nonimmune dams survived the i.c. C
challenge (Table 2). In addition, dams passively immunized 4
(postpartum) by infusion of the protective MAb 2.11.10
provided their suckling pups with antigen-specific protection , 2
against lethal LCM disease (Tab•e 3). Pups challenged by i.c.
inoculation with the ARM-4 strain of LCMV had a high
survival rate (40 to 83%), wh 'a_, pups challenged with a 2
2.11.10-resistant strain of LCIvaV, ARM-5 %, ' 100% mor-
Wality. The survival rate was proportional 4. .o amount of
MAb 2.11.10 given to the mothers.

Protection is related to reduced viral titmn. Having estab-
lished that antiviral antibody can effectively protect against DAY 0 DAY a DAY 6 DAY 10
LCM disease, we sought to investigate the mechanism(s) of I•Y8 PM UucIiow
protection. Previous studies had shown that viral titers in the FIG. 1. LCMV titers during acute infection. Nude mice were
brains of BALB~c mice challenged i.c. with LCMV were infused with 0.2 ml of ascitic fluid coeataining either MAb 2.11.10
reduced if protective MAbs were administered near the time (anii-LCMV; U) or MAb SB-170 (anti-mouse hepatitis virus; C,) by
of challenge (39). To ascertain that the reduction in viral i.p. injecwion on days -1 and 0. On day 0, the mice were challenged
burden was the result of antibody-mediated events and was by i.c. inoculation with 1.000 PFU of ARM-4. The spleens (A),
not T-cell dependent, we assayed viral titers in the tissues of brains (B), and livers (C) of infected mice were removed for
nude mice. Athymic nut..: mice were infused with MAb on assessment of viral titers on days 2. 6. and 10 following challenge.
days -1 and 0 and then challenged with 1,000 PFU of Each point on the graph represents the mean of four samples. The
ARM-4 by i.c. inoculation. On days 2, 6, and 10 after virus lii of sensitivity (about 2.8 log, PFUI 1) is indicated by the

challenge, tissues samples were removed and LCMV titers tal lines in each graph.

were determined. At 2 days postchallenge, virus could not
be d.-te:• d in -nicic trcatcd wit-h MAb 2.11.AM (Fi. I), 1).hilk
control mice treated with an unrelated control MAb (anti- mately 100-fold less than those of the control mice. By day
mouse hepatitis virus; 3B-170) had titers exceeding 106 10 after challenge, the LCMV titers in 2.11.10-treated mice
PFU/g of tissue. The thresi-old for detection of infectious were similar to those in the control group. This same general
virus in tissues was approximately 600 PFUfg. By 6 days pattern was also seen in the livers, although the overall titers
after challenge, viral titers in 2.11.10-treated mice had risen were lower in both 2.11.10-treated and control mice (Fig.
to detectable levels in the spleens and the brains, although IC).
the virus concentrations in these tissues rcmaincd approxi. We also evaluated the capacity of MAbs to reduce viral
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II TABLE 5. Ability of anti-LCMV MAb to protect CS-deficient
V mice from lethal LCM disease

Mouse C5 Virus 2.11.10 % Survival (total
6 TI strain deficient challenge treatment" no. of mice)

I All Yes ARM-4 - 0(4)
ARM-4 + 100 (4)

4 ARM-S - 0(4)1 'ARM-5 + 0(4)

T ISWRJ Yes ARM-4 - 0(12)
ARM-4 + 83(12)"ARM-5 - 0 (12)

BRAIN LIVER SPLEIN IliUM ARM-5 + 0(12)

FIG. 2. Viral titers during persistent LCMV infection. To estab-
lish persistent infections, nude mice were inoculated i.c. with 500 B10.D2/oSnJ Yes ARM-4 - 0 (4)
PFU of ARM-4 35 days prior to MAb treatment. Mice received no ARM-4 100(4)
MAb U0) or ascitic fluid containing MAb 2.11.10 (E) or MAb 36.1
(0l by i.p. injection. Twenty-four hours after MAb infusion, viral B10.D2/nSnJ No ARM-4 - 0(4)
liters were determined in each tissue. Each bar represents the mean ARM-4 + 100(4)
of three samples except that for the normal control, which repre- * Mice were challenged i-c. with 1,000 PFU of either ARM4 of ARM-5 on
sents titers from one mouse. day 0. The ARM-5 strain lacks the GP-ID epitope that is recognized by

2.11". 10 (40).
" Mice were infused wiih 0.2 ml of 2.11.10 MAb astatic fluid on days - I and

titers of persistently infected nude mice. We found that 24 h 0 by i.p. injection.

after MAb infusion, viral titers in mice treated with protec-
tive iAb 2.11.10 were decreased by 100- to 1,000-fold (Fig.
2) compared with the titers of mice treated with the MAb antibodies did not depend upon a specific epitope within the
36.1 (nonprotcctive, anti-LCMV, Table 4). This reduction in GP-1 glycoprotein. MAbs to three of the four known anti-
viral titers occurred in the spleen, sera, and livers of mice body epitopes on GP-1 were protective (Table 4). MAbs to
infused with MAb 2.11.10. Titers in the brains of either the fourth epitope were not tested.
group of mice were not reduced, likely reflecting the inability Anti-LCMV MAbs mediate protection Independent of the
of the MAbs to cross the blood-brain baruier (15). complement cascade. Since EgG2 antibodies are known to bc

Isotype and epitope specificity or the in vvo protection was strong activators of the complement cascade (12), we sought
restricted to MAb of the IgG2a subclass. MAbs specific for to investigate whether complement was required for protec-
the peripheral glycoprotein GP-1 protected mice from lethal tion. The A/J, SWR/J, and BIO.D2/oSnJ strains of mice lack
LCM, but MAbs against the transmembrane glycoprotein complement component C5, precluding the completion of
GP2 Or the nucleocapsid protein did not (39). We st u the either the classical or the alternate complement cascade
experiments to further investigate the mechanisms by which (6, 10). When these mice were administered the protective
the anti-GP-1 MAbs mediated protection. Specifically, MAb 2.11.10, they resisted the lethal challenge of ARM-4
MAbs of the IgG1 and lgG2a isotypes were compared by in virus in a manner similar to that of normal mice (Table 5).
vitro neutralization assays, ELISA, and in vivo protection F(ab')2 fragments of MAb 2.11.10 fall to prolect mice from
assays. All of the MAbs which protected mice were of the lethal LCM. F(ab')2 fragments of the protective MAb 2. 11.10
IgG2a isotype, while neither of the lgG1 MAbs (36.1 and were prepared by pepsin digestion and infused into mice to
18.8) was protective even though MAb 36.1 neutralizes virus assess the requirement of the Fc region for protection. Even
in vitro (Table 4). The protective capacity of the anti-LCMV thougl. the F(ab') 2 preparations neutralized virus with effi-

ciency equivalent to that of intact antibody, the F(ab') 2
fractions were far less efficient or not prctective at all against
lethal LCM disease in recipient mice (Table 6). As little as 63TABLE 4. Comparison of anti-GP-I MAb by neutralization ttg of MAb 2.11.10 given one time only protected 100% of

assay. ELiSA. and passive protection assay the recipients. In contrast, recipients infused intravenously

Neutral,- ELISA %Survival (i.v.) with a total of 1,100 pg of F(ab')2 fragments (220MAW" Epttope" Isotype Ztiontitee titer 1Io18l no. of IIg/day for 5 consecutive days) all succumbed to LCMmice) disease, although one of four mice receiving 440 lug of

19".2.1 GP-1A IgG2a 3,548 218.700 75(8) F(ab')2 fragments i.v. (110 igg/day for 4 days) survived.
258.2.11 GP-lA IgO~a 2,512 218.700 88 (8) Additionally, all four mice receiving 125 .1g of F(ab') 2 by i.p.
36.1 GP-1A IgG1 >25,000 656,100 0 (12) injection failed to survive viral challenge (data not shown).

By ELISA, we demonstrated that F(ab')2 frap-,ents were
67.2 GP-IC igG2a 4,266 218,700 88 (8) present in the serum of mice for greater than 24 h following 4
18.8 GP-IC gG1 <'10 218,700 0(8) i.p. or i.v. infusion (data not shown), indicating that the lack

of protection war not related to an inability of the fragments2.11.10 GP-_D IgG2_a 12.023 656,100 100(40) to gain access to or rapid removal from the vasculature.
" Mice were infused with 0.2 ml of aacittc fluid the day before and the day

of viral challenge.
Mapped by Parekh and Buchmeier (13). DISCUSSION
Recoprocal ol the dilutions of asctic fluid vielding 30" reduct;in in PF Previou studies from this laboratory demonstrated that

of LCMV on Vero cells.
" Reciprocal of the last dilutions of aaitic fluid gibving bsorlance values of MAbs specific for the GP-i glycoprotcin of LCMV could bc

.10.1 and at least twice that of the negative control, used therapeutically to prevent lethal LCM disease (39). In
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TABLE 6. Evidence that the Fc region of the protective MAb effective than IgGi antibodies at reducing tumor growth in
2.11.10 is critical for protection against lethal LCM disease vivo and at mediating antibody-dependent cellular cytoto),.

Recipient Ncutralizaaton Treatment, % itry reactions to the lymphoma in vitro. Whether or not the
of": tiler (MaiS correlation that we found between antibody subclass and

anti-LCMV protection wiil be supported by continued anal.
2.11.10 1:1,594 41 25 ysis remains to be determined. However, the putative rela.
F(ab% 63 100 tionship is intriguing given that mice cleared of LCMV

1.:00 0 infections produce predominantly anti-LCMV antibodies of
the IgG2a isotype, while mice with persistent infections

Normal recipient BALB/cByJ mice (four per group) were infused with produce antiviral antibodies predominantly of the IgGl
purified MAb 2.11.10 or purified F(ab') fragments of 2.11.10 by iv. injection. isot)p (36, 37).
All mice. including naive controls, were challenrged with 100 PFU (>20 M
LDso) of LCMV ARM-A by i.c. inoculation. Maternal antibodies are passively transfered to offspring

"Reciprocal of the dilutions of 100 wg of purified 2.11.10 or F(ab')2 yielding across the placenta and/or through milk (16). While !his form
30% reduction in PFU of LCI.MV on Veto cells, of protection has been demonstrated in several viral models

" Recipients were infused with MAb 2.11.10 immediately prior to vral (17, 22, 32), we now extend the observation to include
challenge one time only. Recipients or F~ab'h fragments Were infused once a
day for 4 consecutive days with 110 Pig (total of 440 asg) or once a day for 5 passive protection against LCM diseace wiLh maternal anti.
consecutive days with 220 ug (total 1.100 pig) beginning the day of viral bodies. This finding supports the work showng that such
challenge. MAb 2.11.10 and the F(sb')2 fragments were auspended in phos- passively acquired antibodies can provide an effective re-
phate-buf'ered saline (pH %.2). straint against LCMV infections (35, 39). In this regard, the

antibodies may function most efficiently as an initial barrier
impeding viral spread in the circulation and preventing the

the work presented here, we extend these findings to sh6w initial explosion of viral replication seen in nonimmune hosts
that passively derived immune serum and maternal antibod- until infection-terminating CTLs can develop. This may be
ies can also attenuate fatal LCMV-induced immunopathol- best illustrated by comparing the results of mothei-baby
ogy. In addition, the use of MAbs to investigate the mech- passive transfer experiments presented here and,4hosc dem-
anism by which protection is mediated showed (i) that onstrated by Oldstone and Dixon (29). In the present exper-
protection correlated with the ability of the antibody to iments, 10- or 14-day-old pups which passively acquircd
specifically impede the rate of viral infection and (ii) that antibody prior to viral infection became resistant to lethal
Fc-associated functions other than activation of the comple- LCM disease and cleared the virus (Table 1). In contrast,
ment cascade were required for protection. Oldstone and Dixon showed that neonatal mice with a

While there is little doubt that cytotoxic T lymphocytes preexisting persistent infection were unable to clear the
(CTL) are essential for the clearance of primary LCMV infection when foster nursed by immune mothers (29). In
infections (5, 7, 14, 20, 28), the role that antibodies play fact, the antibodies were deleterious to these pups, causing
during infections is largely unexplored. Previous attempts to accelerated immune complex disease and death.
demonstrate passive protection with immune sera have been While the exact mechanism by which antibodies mediate
unsuccessful (27), but our data clearly indicate that anti- viral clearance remains to be determined, it is clear that they
LCMV antibodies effectively attenuate T-cell-dependent can provide an efficient protective buffer until sterilizing
LCM disease. It appears that antibodies mediate this pro- CTLs are elicited. It seems likely that antibodies function
tection by containing viral replication below levels at which most efficiently in a prophylactic mode by containing viral
the CTL response becomes destructive. The ability of anti- titers below a threshold at which the T-cell response be-
bodies to restrict viral spread and replication has previously comes destructive. This situation is most likely to occur
been demonstrated by Thomsen and Marker (35) and Wright during a secondary infection, as suggested by Thomsen and
and Buchmeier (39) for conventional mice and was con- Marker (35). but could also be generated artificially by prior
firmed here for athymic nude mice (Fig. I and 2). The vaccination to induce an humoral response. These studies
mechanisms by which antibodies retard viral spread remains serve to reinforce the notion that elicitation of a strong
unclear, although as with other models, there does not humoral response against GP-1 epitopes should be consid-
appear to be a strict correlation between protection and in ered a goal in attempts to vaccinate against pathogenic
vitro neutralizing activity (1, 23, 25, 31). However, the arenavirus infections of humans.
anti-LCMV MAbs do seem to require a functional Fc region,
since F(ab') 2 fragments equivalent to whole antibody in the ACKNOWLEDGMENTS
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1. Arenaviridae

The arenaviridae are a group of 13 enveloped RNA animal viruses shac, rg common
group-specific antigens as well as the unique morphological feature consisting of
electron-dense 20-nm bodies within the virion. The presence of these dense bodies,
which have subsequently been shown to consist of host cell derived rihosomes
(Carter et a!., 1973; Pederson, 1973; Pederson and Konigshofer, 1976; Farber and
Rawls, 1975), suggested the group name from arenosus (L. Sandy) (Rowe et al.,
1970a). The prototype virus of the family is lymphocytic choriomeningitis virus
(LCMV). Serological analysis and geographic distribution of the viruses and their
inatural rodent hosts has led to a functional division of the arenaviridae into two
groups. These are the Old World arenaviruses which include the African arenavi-
ruses Lassa (LAS), Mopeia (MOP), Mobala (MOB) and LCMV, and the new
world arenaviruses, Amapari (AMA), Tacaribe (TAC), Junin (JUN), Machupo
(MAC), Tamiami (TAM), Parana (PAR), Pichinde (PIC), and Latino (LAT). All
of these, with the possible exception of TAC, establish lifelong persistent infections
in a single or limited species of rodent and are transmitted to man by direct contract
with, or aerosolization of rodent excreta. No substantial evidence of an arthropod
vector exists ;or me arenaviruses. Several members of the group are etiologic agents
of severe human disease (Table 12.1).

2. Properties of Arenaviridae

2. 1. MORPHOLOGY, MORPHOGENESIS AND VIRION COMPOSITION

l'he arenaviridae are pleomorphic, enveloped viruses with a mean diameter of 110-
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130 nm (Fig. 12.1). The envelope is formed from the host cell plasma membrane
by budding, and contains sparse, 10-nm club-shaped projections composed of viral
"glycoproteins (Murphy et al., 1970; Gard et al., 1977; Vezza et al., 1977; Buchmeier
et al., 1978).

TABLE 12.1

Arenaviruses

Virus Natural Geographic Naturally occurring
host distribution human disease

Old World

8 Lymphocytic MaW musulis Americas, Europe Undifferentiated febrile
choriomeningitis illness, aseptic meningitis
(LCM) rarely serious

Lassa Masi.ms nn.t iews Africa Lassa fever, mild to severe
and fatal disease

La-a-like viruses from Mastomys, Praomys Mozambique, Unknown
Africa Zimbabwe, Cent Afir

Rep

New World

3Junin Calomfys musndiws Argentina Argentine hemorrhagic fever
(AHF) rarely serious

"Tacaribe Artibeu bats Trinidad, West Indies None

Machupo Calomeys mums,'uinut Bolivia Bofivian hemorrhagic fever
(BHF)

Amapari Oyzemys gaeldi Brazil None

Parana Ourzomys b•acinnowas Paraguay None

Tamiami Sigmodoan hispidui USA (Florida) Antibodies detected

Pichinde O~yromyp albigularis Colombia None

Latino Calomys callouu Bolivia Uuknown

BeAn 293022 OYc0omys spp. Brazil Unknown
(proposed flexal 'irus)

I
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Fig. 12.2. Genetic organization of the LCMV, L and S RNAs. Four known genes, L, Z, NP and GP-C
encode their respective proteins as described in the text. Black ban indicate non-coding intcrgenic hair-
pin regions and 3' and 5' non-coding regions of each RNA segment.

2.2. SEROLOGICAL RELATIONSMPS

Antigenic cross-reactions among the arenaviruses have been demonstrated in vitro
using indirect immunofluorescence (IF), complement fixation (CF), ELISA and
neutralizatiorz'(Nt) assays. Antigens present on both Old and New World arenavi-
ruses can be identified readily by immunofluorescence (Rowe et al., 1970b; Wulff
et al., 1978; Buchmeier et al., 1981; Howard et al., 1985; Sanchez et al., 1989). Gen-
erally speaking, antisera directed against the New World viruses react with LCMV
antigens, but anti-LCMV antiserum has a more restricted reactivity against New
World viruses, staining AMA, minimally TAC, and not MAC virus (Rowe et al.,
1970b). Monoclonal antibodies (rnAb) raised against various arenaviruses have re-
vealed epitopes on the viral proteins responsible for these cross reactivities. A mono-

clonal antibody which reacts with an epitope contained within amino acids 370-382
of the GP-C glycoprotein precursor or LCMV also reacts with LAS, MOP, MOB,
PIC, TAC, JUN, AMA and PAR viruses (Buchmeier et al., 1980; Weber and Buch-
meier, 1988). mAbs directed to either GP-I or NP of LCMV do not cross-react with
the New World ,'iruses, but one mAb epitope detected on NP of PIC is shared by
LAS and LCMV (Buchmeier et al., 1981). These data indicate that group-specific
epitopes present on both new and Old World ar.naviruses are located on internal
proteins (NP) and surface glycoproteins.

Monoclonal antibodies also define subgroup and type-specific antigens. Sub-
group-specific antigens appear to be restricted to NP, as mAb directed to NP but

not GP of TAC and JUN react with viral antigen in cells infected with other New
World viruses (Howard et al., 1985; Allison et al., 1984). Most of the anti-PIC
monoclonals directed to NP are virus-specific, but three anti-NP mAb detect an epi-

tope(s) on other New World viruses, namely TAM and PAR (Buchmeier et al.,
1981). Within the Old World group, LCMV antiserum reacts with LAS and other
African isolates, but with reduced titer compared to the reaction with hdmologous
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antigen. Antiserum to LAS reacts only weakly with LCMV (Peters et al., 1987). Si-
milarily, a mAb specific for NP of LCMV reacts with LAS and MOP, both African
arenaviruses, bui does not react with any New World arenaviruses (Buchmeier et
al., 1980, 1981). mAbs directed to LAS virus GP-2 and NP cross-react with other
African viruses, demonstrating that group-specific epitopes are present on both pro-
teins (Gonzalez et al., 1984). Reactivity of these mAb against New World viruses
has not been reported. Group specific antigens are also detected by complement fix;
ation (Wiebenga et al., 1964; McKenzie et al., 1965; Calisher et al., 1970, Casals
et al., 1975), and this response is likely directed against epitopes on NP (Buchmeier
et al., 1980).

Virus or strain-specific antigens probably exist on all three structural proteins.
Neutralization epitopes on GP-1 are largely virus specific, but cross-reactivity has
been reported between closely related viruses, such as TAC and JUN (Henderson
and Downs, 1965; Weissenbacher et al., 1975, 1976; Howard et al., 1985).

All strains of LCMV, with the exception of certain clonal isolates of LCMV Arm-
strong, share a single neutralization epitope defined by both mAb and polyclonal
antisera on GP-I (Parekh and Buchmeier, 1986; Wright et al., 1989a). One isolate
of LCMV Armstrong containing a mutation at position 173 of GP-C bears a second
neutralization epitope that distinguishes it from other Armstrong isolates, and other
strains of LCMV (Buchmeier and Parekh, 1987; Wright ct al., 1989a). Non-neutral-
ization, type-specific epitopes have also been described or, the glycoproteins of
LCMV (Buchmeier, 1984; Parekh and Buchmeier, 1986), TAC (Allison et al., 1984;
Howard et al., 1985), and the African arenaviruses (Gonzalez et al., 1984).

Cross-reactions described by in vitro assays may have in vivo correlates. Guinea
pigs and marmosets immunized with TAC virus developed low levels of neutralizing
antibody to JUN that appeared late after immunization (Weissenbacher et al.,
1975, 1976; Coto et al., 1980; Weissenbacher et al., 1982). When subsequendy chal-
lenged with JUN, a secondary neutralizing anti-JUN response occurred, indicating
that the animals were primed by cross-reacting antigen on TAC (Coto et al., 1980;
Weissenbacher et al., 1982).

The significance of neutralizing antibody to LAS in vivo is unclear since infection
of guinea pigs with MOP, MOB or LCMV does not induce cross-reactive neutraliz-
ing antibody to LAS, but these animals are protected against LAS challenge (Peters
et al., 1987). Clearly the relative importance of B and T cell-mediated immune re-
sponses in LAS infection remains to be elucidated.

2.3. NATURAL HOSTS AND DISEASES

Arenaviruse. persist in nature by virtue of their ability to establish lifelong persistent
infection in rodent hosts. These naturally infected hosts show few if any symptoms

of infection, reproduce normally, and transmit infection to their offspring in utero
or neonatally. Each virus is restricted in nature to specific species of rodents, al-
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though in the laboratory, other rodents can be infected with many of the arenai-

ruses (Peters et al., 1987). Horizontal transmission of virus also occurs but does not
result in virus persistence. In both acute and persistent infections virus is excreted
in the urine (Peters et'al., 1987; McCormick, 1987).

23.1. Old World areamuirnses
Among the Old World arenaviruses, LAS and LCMV are known to cause human
disease. Viruses antigenically related to LAS have been isolated in Central African
Republic, Zimbabwe, Mozambique and South Africa (Wulff et al., 1977; Johnson
et al., 1981; Gonzalez et al., 1983; McCormick, 1987). Some of these viruses persist
in the same rodent host (Mastomys natalewsis) as LAS, and are transmitted to humans
as indicated by significant incidence of seropositivity, but no clinical disease has i,
been associated with these infections (McCormick, 1987). LCMV infection produces
a spectrum of illness ranging from subclinical, or mild influenza-like symptoms, to
aseptic meningitis (Casals, 1984).

Lassa virus also produces a spectrum of illness in humans, but is largely restricted ;'i

to West Africa, where in Sierra Leone infection rates have been estimated to range
from 5% to 20% of the population. Of these, 10% to 25% will present with classical
symptoms, 5%-.to 8% will be hospitalized, and 1% to 2% will die (McCormick,
1987).

The natural host of LAS is the rodent Mastomys natalensis (Monath et al., 1974).
As with LCMV in the mouse, neonatal infection of the rodent results in lifelong --
persistence of the virus in liver, kidney, lymph nodes, lung and brain, with shedding
in the urine, throat secretions and blood (Walker et al., 1975). Transmission to hu-
mans occurs from contact with excreta in the home, either by aerosol, ingestion or
through cuts and abrasions in the skin (Monath, 1975; Casals, 1984). Person-to-per-
son transmission is also possible and presents a substantial risk in the hospital setting
(McCormick, 1987).

2.3.2. New World viruses
Two New World arenaviruses, JUN and MAC, cause disease in man. JUN virus is
transmitted to humans from field rodents of the genus Calomys, causing Argentine
hemorrhagic fever (AHF) (Weissenbacher et al., 1987). Persistently infected rodents
excreteJUN in saliva and urine and human infection occurs through skin abrasions,
conjunctiva or through respiratory mucosa from contaminated dust (Weissenbacher
et al., 1987). About 30%. of infections are subclinical. Of the remaining infections,
the majority recover spontaneously, but total mortality can reach 16% in untreated
patients (Peters, 1984; Casals, 1984). Like Lassa fever, all organ systems are affected,
but hemorrhagic manifestations are more frequent. Treatment of acute phase pa-
tients with immune plasma has proven effective in reducing mortality to below I%.
Convalescence is lengthy but usually without sequelae, although a small number of
patients experience transient late neurological symptoms (Peters, 1984). Pathologi-
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cal findings in fatal cases or AHV are not severe enough to indicate the cause of
death. Most consistent is the observation of depletion of the bone marrow and lym-
phoid necrosis. Death appears to be the result of hypovolemic shock due to plasma
leakage, suggesting a lesion in the vascular endothelium similar to that described in
LAS (Casals, 1984, Peters, 1984).

Bolivian hemorrhagic fever (BHF) results from infection with Machupo virus.
This infection is 'house-associated' and is contracted from persistently infected ro-
dents of the species Colomys callosus in much the same way that Lassa fever virus is
passaged to humans in Africa (Casals, 1984). Human to human transmission is rare.
Clinically BHF is very similar to AHF, although inapparent infections with Machu-
po virus are rare. Mortality ranges from 5% to 30% (Casals, 1984). Machupo virus
has largely been controlled through an aggressively applied program of rodent con-
trol (Johnson et al., 1966).
. Other New World viruses persust in specithc rodents in nature with the exception
of TAC which was isolated from fructivorous bats of the genus Arlibavs (Table 12. 1).
None of these viruses cause disease in humans, although inapparent infections with
PIC virus have been documented in a laboratory setting (Buchmeier et al., 1974).

3. Potential targets of immune responses

3.1. STRUCTURE AND MORPHOLOGY

3.1.1. Structural proteins
Quantitatixely, the major structural pro-.ein of the arenaviruses is NP (60-68 kDa),
which has been estimated to constitute 58%/o of total protein in virions (Vezza et al.,
1977). In the virion, NP is complexed with genomic RNA in a ribonuclear protein
(RNP) (Gard et al., 1977; Buchmeier et al., 1978; Young and Howard, 1983, 1986;
b. uns et al., 1983a, 1986). It has been difficult to consistently oberve a nucleocapsid
,t,.cture in the arenaviruses by electron microscopy, however disruption of virus
particles releases an RNP complex which has been examined (Pedersen and Konigs-
* ,o,.r 1976: Buchmeier et al., 1978). rhe RNP of PIC is a linear array of globular

iiucleosomes each about 4-5 nm in diameter which are supercoiled into helical
structures which form circles (Young and Howard, 1983, 1986). Several minor pro-
tein species have been observed in purified virions of various arenaviruses. These in-
clude a minor protein of 77 or 79 kDa associated with the RNPs of TAM and TAC
(Gard et al., 1977; Salch et al., 1979). A nonglycosylated protein of approximately
15 kDa is consistently observed in preparations of LCMV and may represent the
gene product of the Z gene, a putative zinc finger protein found in LCMV (Salvato
et al., 1989, Salvato and Shimomaye, 1989) and TAC (lapalucci et al., 1988,
1989). Other nonglycosylated proteins have been described for LCMV (Bruns et al.,
1983), JUN (Martinez Segovia and dcMitri, 1977), LAS virus (Clegg and Lloyd,
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1983) and PIC virus (Harnish et al., 1981). Some of these have been shown to be

degradation products of NP while others are of unknown origin.
A 200-kDa L protein has been visualized for PIC (Harnish et al., 1981), LCMV

(Bruns et al., 1983b; Bitchmeier and Parekh, 1987), and other African arenaviruses -•

(Gonzalez et al., 1984), and presumably is present in all the arenaviruses. This L
protein is associated with the viral RNP complex, and has been shown by using anti-
bodies generated to synthetic peptides to correspond to the product of the 6.6 kb L
gene located on the large RNA (Singh et al., 1987; Salvato et al., 1989).

The arenaviruses contain a single glycoprotein gene (GP.C) which encodes a po-
lypeptide of 75-76 kDa for LCMV (Buchmeier and Oldstone, 1979; Harnish et al.,
1981; Saleh et al., 1979; Clegg and Lloyd, 1983, 1984; Lukasevich and Lemeshko,
1985). GP-C is cleaved post-translationally in LCMV, LAS, MOP, MOB and PIC
viruses to yield two structural glycoproteins, GP-I and GP-2 (GI and G2) of ap-
proximately 44-55 and 35-41 kDa. In contrast, JUN, TAO and TAM viruses have
only a single structural glycoprotein (Gard et al., 1977; Boersma et al., 1982). The I
basis for this difference is unclear, but the sequence of TAG vints GP-C (Franze-
Fernandez et al., 1987) lacks the paired basic amino acid sequence, ARG-ARG or
ARG-LYS, which provides the cleavage recognition sequence for LCMV, LAS and
PIC viruses (Buthmeier et al., 1987).

3.2. MORPHOOENESIS

Both the nmajor glycoproteins, GP-I and GP-2, of PIC (Vezza et al., 1977), LCMV
(Buchmeier et al., 1976), and the single GP of TAC and TAM (Gard et al., 1977)
are sensitive to proteolytic cleavage on the surface of virions. For viruses with two
glycoproteins, they are preseni in the virion in equimolar amounts (Vezza et al.,
1977), but their arrangemcnt in the envelope is not known. It appears that for
LCMV, GP-I is more accessible on the surface of infected cells than GP-2, as the
latter is difficult to detvect either by surface iodination of infected cells or virions
(Buchmeier and O!dstone, 1979; Eruns et al., 1983b) or by immunofluorescence i*.
using mAb specific for GP-2. Bruns and Lehmann-Grube (1983) have proposed that

in the viral envelope, a single molecule of GP-2 is complexed with three molecules
of GP-I, or thaz one GP-1 is liviked to another larger glycoprotein (gp85). Such an
arrangement seems unlikely since GP-l and GP-2 are produced by GP-C cleavage
and are represented in the virion in equimolar amounts. Furth•-rmore, the origin of
the gp85 glycoprotein described by these authors is unclear, and cannot be ex-
plained 3n the basis of the: known genetic map of LCMV. Other studies have sug-
gested that LCMV GP-l and GP-2 are present in the virion in homo-oligomers with
up to Eetrameric complexes of GO'-i observable in SDS dciiatured, non-reduced vi-
rions (Wright et al., 1989a).

The GP-I and GP-2 glycoproteins are produced by post- translational cleavage of
the cell associated precursor GP-C. Cleavage is mediated by a cellular protease at

I.;
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a site defined by the sequence ARG-ARG at positions 262-263 of GP-G (Buchmeier
et al., 1987). Full-length GP-Cs of LCMV (Buchmeier and Parekh, 1987) and TAG
(Saleh et al., 1979) contain mannose-rich oligosaccharides, but the cleaved glyco-
proteins contain only complex oligosaccharides, indicating that they undergo fur-
ther processing either prior to or just after cleavage. Recent studies with LCMV
have shown that cleavage of GP-C occurs immediately after trimming of the oligo-
saccharide side chains, but before the molecule is transported to the plasma mem-
brane. This data is consistent with cleavage occurring in the trans Golgi or immedi-
ate post-Golgi compartment (Wright and Buchmeier, unpublished data, 1989)
(Wright et al., 1989b). A small fraction of GP-C becomes fully processed in the ab-
sence of cleavage, therefore transport is not dependent on cleavage. Others bave re-
ported full-length GP-C on the surface of radioiodinated LCMV infected cells (van
der Zeijst et al., 1983a), and we observe on occasion full-length GP-C in purified
virions (Parekh and Buchmeier, unpublished observations), hence cleavage may not
be highly efficient. Experiments with PIC have shown that GP-C does not appear
on the surface of cells infected with ts mutants in which cleavage fails to occur (Shi-
vaprakash et al., 1988).

3.3. PROTEIN FUNCTIONS

Although the arenaviruses are ambisense, an RNA-directed RNA polymerase is re-
quired for copying genomic RNA to functional messenger RNAs. Such an activity
has been mssociated with RNP complexes, of PIG (Leung et al., 1979), and LCMV
(Fuller-Pace and Southern, 1989). Although it has yet to be directly established, the
L protein is likely to be RNA polymerase. L is associated with the RNP, its size is
consistent with other RNA polymerases, and sequence comparisons of the predicted
protein indicate segments conserved with other viral polymerases (Singh et al., 1987,
Sal'ato et al., 1989).

A protein kinase activity has also been described associated with the RNP of
LCMV (Howard and Buchmeier, 1983). This enzyme preferentially phosphorylates
serine and threonine residues on NP in vitro. Attempts to find phosphorylated pro-
teins in mature virions have been largely unsuccessful, but one report describes a sol-
uble phosphorylated form of NP, termed p63E in LCMV (Bruns et al., 1986).

No hemagglutinating, neuraminidase or fusion activities have been associated
with arena~irus glycoproteins. GP-i, the major surface glycoprotein, is responsible
fo- binding to host cells. Monoclonal antibodies to two closely linked GP-! epitopes,
only one of which neutralized virus in vitro, inhibited virus binding to susceptible
cells by up to 95% (Buchmeier, 1989, unpublished observations).
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4. Mechanisms of immunity

4. 1. ANTIBODY-DEFINED EPITOP.S

4.1.1. Immuae rtsponses to virTs infection

As for most viruses, the immune responses elicited depend on the route of infection,
as well as on the age, genetic background and immune status of the host. Com-
prehensive studies have been reported for LCMV, and data exist for other arenavi-
ruses as well. In the natural hosts, arenaviral infection occurs congenitally or at
birth. Early attempts to find circulating antibody in mice chronically infected with
LCMV were negative, and it was surmised that persistent infection was accompan-
ied by immunologic tolerance to viral antigens (Buchmeier et al., 1980). However,
it was subsequently demonstrated that hosts persistently inf-'cted with LCMV had
both complexed (Oldstone and Dixon 1967, Buchmeier and Oldstone, 1979) and
free antibody (Oldstore et al., 1980) to the virus. In LCMV carrier mice, anti-viral
antibody was detected in the serum by indirect immunofluorescence and by immune .
precipitation (Buchmeier et al., 1980). Serum from C. musculinus pers.istendy infected '-
with JUN has high-titered levels of Nt activity that is ineffective in clearing virus
(Weissenbacher et al., 1987). In contrast, C. callosus infected with MAC have no
demonstrable Nt antibody (Johnson et al., 1973). These animals are not tolerant
since antibody can be detected by indirect immunofluorescence (IF) (Johnson et al., -
1973; Webb et al., 1973). LAS virus also may persist in the presence of antibody,
but the majority of animals do not mount an antibody response (Walker et al.,
1975).

Infection of adult animals with LCMV yields an acute disease which may be
symptomatic or asymptomatic depending upon dose and route of infection and ge-
netic background of the mouse. Infection by the peripheral route results in the de-
velopment of anibody detectable by CF or ELISA by day 5 coincident with decline .'
in virus titers (Buchmeier et al., 1980). Antibody titers remain high for several
months (Buchmeier et al., 1980). Neutralizing antibody appears from 7 days to 3
weeks after infection, depending on the virus dose and the mouse strain (Kimmig
and Lehmann-Grube, 1979). Both CF and Nt antibody persist for at least a year,
and probably longer (Kimmig and Lehmann-Grube, 1979).

Other arenaviruscs have not been studied in their natural hosts to the same extent
as LCMV. Machupo induces antibody detectable by CF, Nt and IF in a proportion
of infected adult Calomys, and the presence of Nt antibody was found to correlate
with virus elimination (Webb et al., 1973; Johnson et al., 1973). Animals not pro-
ducing Nt antibody became persistently infected (Johnson et al., 1973). Lassa virus ,
also induced persistent infection in adult Mastomys, and CF but not Nt antibody was
detected (Walker et al., 1975).

The arenaviruses differ in their ability to elicit, and their sensitivity to Nt anti-

AP
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body. LCMV induces Nt antibody in adult mice, but at low frequencies (Buchmeier I
and Parekh, 1987). Tacaribe, JUN and MAC all induce Nt ab in rodents and hu- t
mans, but Nt antibody develops rather late in infection (Casals, 1984: Peters, 1984).
Nt antibody to LAS virus appears so late in convalescence that it can have little ef.
fect in virus clearance (Casals, 1984) while PIC fails to induce a Nt response in any
host (Howard, 1987).

4.1.2. Identiication and expression of B cell epilopes
The availability of monoclonal antibodies to arenaviruses has made detailed map-
ping of B cell epitopes possible (Fig. 12.3) (Howard et al., 1985: Parekh and Buch-
meier, 1986). Using competitive binding assays with a panel of mAbs directed
against LCMV, it was demonstrated that Nt mAb recognized a single antigenic site
on GP-I (Parckh and Buchmeier, 1986). One isolate of LCMV Armstrong, ARM-4,
expressed a second Nt site (Parekh and Buchmeier, 1986: Wright et al., 1989a).
Competitive binding and neutralization kinetic studies of TAC indicated the ex-
istence of two neutralization sites on the glycoprotein of this virus (Howard et al.,
1985).

In addition to the major neutralization site on GP-, two topographically linked
non-neutralization sites have been identified. Three closely linked epitopes have
been described on GP-2 of LCMV. Two of these have been mapped to a single
stretch of amino acid sequence, GP-C 370-382. These epitopes can be distinguished
on the basis of critical internal contact residues and virus specificity (Weber and
Buchmeier, 1988).

Extensive epitope mapping of NP has not been carried out, but virus cross-reacti-
vity patterns observed with NP specific mAb suggest the existence of at least three
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Fig. 12.3. Summary of mAb epitope mapping data for LCMV. Inhibition of binding ofradiolabeled anti-

body by unlabeled competing antibody is indicated as follows, Filled circles, > 80% inhibition by unla.
beled antibody; half-filled circles, 40-80% inhibition; open circles < 40% inhibition. Virus neutralizing
antibodies are indicated. Reproduced from Parekh and Buchmeier, 1986, with permission.
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Fig. 12.4. Location of two artigenic sites on LCMV GP-C. A polymorphic neutralizing determinant has
been shown to be expressed on mutant strain ARM-4 but is lost on ARM.3 correlating widh an Ala -

Thr substitution at position 173 of'GP-C of'these viruses (Wright, Salvato and fB.,chmeier, 089).

antigenic sites on NP of PIC, one virus-specific, onc g,roup-specific and one that is
shared with LCMV and LAS virus (Buchmeier et al., 1981). Complcment-fixing
antibody is directed to NP (Geschwender, 1976; Buchrneier et al., 1977), but it is
unclear whether all sites on NP induce CF antibody.

Efforts to map Nt epitopes on GP-I have been hinderee' by their conformational
nature. Three of the four sites described on GP-I, including the neutralization site,
are conformatidn-dependent, that is, destroyed by denaturation. Consequently epi-
tope mapping using synthetic peptides has not been feasible. Despite this limitation,
one epitope, GP-ID, recognized by mAb 2-11.10, has been partially localized. This
epitope is disulfide-dependent, hence was destroyed by reducing agents. Using mu-
tant strains of LCMV-Arm which differed in their binding of 2-11.10 we found that
substitution of threonine for alanine or lysine at position 173 of GP-C abrogated
binding activity (Fig. 12.4). Insertion of threonine completed a concensus .- linked
glycosylation site ASN X THR at positions 171-173 and resulted in addition of an
extra oligosaccharide side chain on GP-l (Wright et al., 1989a). Thus, it is likely
that antibody binding was blocked by the presence of this sugar chain.

4.1.3. Identification ofprotectiv, epitopes
A role for antibody in prevention or clearance of arenavirus infections may be un-
derestimated. Generally, it is thought that neutralizing antibody does not play a sig-
nificant role in clearing primary virus infections, but under certain conditions such
a role can be demonstrated in arenavirus infections. In JUN virus infections the
treatment of choice for acutely ill patients has been passive transfer of immune plas-
ma (Maitzegui et al., 1979). This proý-edure results in rapid reduction of virus bur-
den and reduction in morbidity and mortality. Animal studies also suggest that pas-
sive adminisiration of serum containing Nt antibody can protect animals aga'nst
primary infecCion with JUN. Studies in animals also demonstrate a similar phenomr-
enon with LAS virus (Fisher-Hoch and McCormick, 1987; Peters et al., 1987), but
in human patients, transfer of Nt antibody has little therapeutic effect (McCormick
et al., 1987).
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Studies with LCMV have defined B cell epitopes that attenuate T-cell-mediated
disease in adult LCMV infected mice (Wright and Buchmeier, 1989). Passively
transferred mAb against both Nt and non-Nt epitopes on GP-l protected mice from
fatal immune-mediated disease after intracranial infection and did so by limiting
growth of virus in the brain. mAbs directed against either GP-2 or NP were not pro-
tective. These results indicate that although T cells may be responsible for clearing
virus during primary infection, pre-existence of antibody or rapid induction of ap-
propriate B cell responses protect against secondary infections. These data indicate
that the protective effect of antibody is not restricted to those antibodies that neu-
tralize virus in vitro.

4.2. CELLULAR RESPONSES

4.2.1. Immune responses to virus infection
T-cell responses to viral products are a central feature of arenavirus pathobiology.
In LCMV infection, for example, cytotoxic T-cells are clearly important in virus
clearance, and when their generation is blocked, persistent infection ensues. On the
other hand, these same T-cells, when focused in an inflammatory infiltrate in the
brain, cause lethal choriomeningitis. Clearly it is desirable to harness the beneficial
functions of CTL while minimizing tissue destruction.

T-cell responses to the arenaviruses have usually been most extensively studied in L
the mouse where a natural host virus relationship exists with LCMV. Adult mice

infected with LCMV develop both delayed-type hypersensitivity (DTH), as demon-
strated by footpad swelling, (Tosolini and Mines, 1971) and cytotoxic T cell re-
sponses (Zinkernagel and Doherty, 1974). Cytotoxic T cells are pivotal in mediating
virus clearance after a peripheral infection of adult mice with LCMV, and absence
of this response leads to lifelong virus persistence (Marker and Volkert, 1973; Byrne
and Oldstone, 1984; Moskophidis et al., 1987). Induction of, and target cell recogni-
tion by, CTL map to the S RNA segment of LCMV, the segment encoding NP and
GP-C (Riviere ct al., 1986). Studies examining the cross-reactivity of CTLs elicited
by various strains of LCMV indicate that all five strains of the virus share common
CTL epitopes, but some also have unique determinants (Ahmed et al., 1984a). The
pattern of cross-reactivity also varies with the MHC background of the mouse, indi-
cating determin4ants are recognized selectively in the context of different MHC class
I molecules (Ahmed et al., 1984). The characteristic pattern of cross-reactivity ob-
served in H-2b and H.2d mice is also observed when examining crots-reactivity of
cloned CTLs from each strain of mouse (Byrne et al., 1984). These data suggest that
there are multiple CTL determinants, and that recognition of these varies with the
gelaetics of the host.

These observations were confirmed using LCMV proteins expressed in vaccinia
vectors. H-2 b mice recognize both NP and GP-C, but the majority of CTL clones

I
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from these mice were directed against the latter. On the other hand, H-2d and H-.2q

mice appear to generate CTL activity mainly to NP, with a small proportion of
CTL clones recognizing GP-C (Oldstone and Whitton, 1989; Whitton et al., 1988a).
Analysis using a series 6fvaccinia.GP recombinants truncated at the C-terminus has
mapped more precisely the epitopes recognized by H-2b mice (Whitton et al.,
1988b). In C57B/6 (H-2b) mice epitopes were recognized on NP, on GP-i between
residues 1 and 218, and on GP-2 between residues 272-293 (Whitton et al., 1988b).
Using a series of synthetic peptides spanning this region as targets, the GP-2 epitope
has been further mapped to amino acids 278-286. Responses to this determinant are
restricted by Db. The few available H-2b CTL clones directed against NP recognize
a determinant at the carboxy end of the molecule, between residues 301 and 558
(Oldstone and Whitton, 1989). In H-.2 mice, the major epitope lies on NP and has
been mapped to residues 121-127 (Oldstone and Whitton, 1989). Thus H-2d mice
recognize structures different from those recognized by H-2b mice. The NP epitope
is specifically restricted by Ld.

Pichinde virus does not cause disease in mice, but does elicit a DTH reaction after
footpad inoculation (Wright, 1989, unpublished data) and a strong CTL response
after primary and secondary infection by other routes (Walker et al., 1984). The cy-
totoxic response--is thought to be directed to GP-C, as infection of syngeneic cells
with a vaccinia recombinant expressing PIC NP does not render the cells susceptible
to lysis (Ozols et al., 1988). In certain strains of hamster, PIC induces DTH after
inoculation in the footpad; in other strains of hamster such a response is missing and
thought to be actively suppressed (Chan et al., 1983). Unlike the other viruses ex-
amined, JUN induces a good CTL response in mice, but does not elicit footpad
swelling (Barrios et al., 1982). Cytotoxic cell responses to LAS virus, LCMV and
MOP have been studied in guinea pigs (Jahrling and Peters, 1986; Peters et al.,
1987). Such a response could be measured in splenocytes from guinea pigs inocul-
ated 15 days previously with any of the 3 viruses.

4.2.2. Protective epitopts and epitopes inducing T cell-mediated disease
Primary infection with LAS virus, like LCMV, is thought to be cleared mainly by
T-cell-mediated responses. Guinea pigs can be protected from challenge with LAS
by transfer of immune splenocytes if the splenocytes are harvested early in infection
(Peters et al., 1987). but not late. Recombinant vaccinia viruses expressing LAS GP-
C or NP have been constructed and used in protection experiments. Immunity to
both proteins protects guinea pigs from death although not from infection (Auperin
et al., 1988; Auperin et al., 1987; Clegg and Lloyd, 1987). When non-human
primates were vaccinated with the same constructs, only the virus expressing GP-C
was protective. As observed with guinea pigs, monkeys became infected, but infec-
tion caused few if any symptoms (Auperin et al., 1988). Guinea pigs were protected
by immunization with LAS GP-C but did not produce anti-LAS antibody (Auperin
et al., 1987). These results suggest that protective T cell epitopes for guinea pigs lie
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on both GP-C and NP, whereas those for monkeys reside on GP-C. r
Pichinde may also contain a protective epitope on NP. A vaccinia construct con-

taining NP from PIC was able to modulate disease and delay death in MHA ham-
s3ers after challenge with PIC (Ozols et al., 1988). These results parallel earlier re-
suits showing that the transfer of IL-2 into susceptible hamsters prior to infection
slowed death (Wright et al., 1987) and suggest that immunization with NP may ac-
tivate helper T-cells that synthesize IL-2.

The observation that a vaccinia-LCMV-NP recombinant virus elicited a CTL re-
sponse when inoculated into mice suggested that such a construct might confer pro-
tective immunity. Both H-2d and H-2b mice were protected from lethal intracerc-
bral challenge with LCMV after vaccination with a construct containing full-length
NP (Klavinskis et al, 1989a, 1989b). Immunization with a construct expressing
truncated NP (residues 1-201) only protected J-P-2d mice, demonstrating that the
presence of a CTL epitope for H-2d mice on the vaccine correlated with protection
(Klavinskis et al., 1989a, b). No anti-viral antibody was detected in these mice.

T-cell epitopes of LCMV inducing disease appear to be identical to those which
are protective. Cytotoxic clones specific for either GP .(restmicted by H-2Db) or NP
(r°stricted by H-2Ld) can induce central nervous system 'disease in immunosup-
pressed syngeneic mice infected 5 days earlier with LCMV (Klavinskis et al.,
1.)89c). As few as 102.3 cloned CTL induced disease when injected intracerebrally
into infected mice. When cells were transferred to immunosuppressed mice at the
time of infection, virus titers remained low in the brain, and the animals survived
(Klavinskis et al., 1989c).

4.2.3. Modulalion of T cell responses by virus
Infection of neonatal mice with LCMV results in lifelong persistent infection with-
out demonstrable CTL response. T-cells in neonatal mice are susceptible to infection
with the virus, whereas T-cells in adult mice are relatively resistant (Lehmann-
Grube et al., 1983; Doyle and Oldstone, 1978). Helper T-cells are preferentially in-
fected in young mice (Ahmed et al., 1987; Tishon et al., 1988; Oldstone et al., 1988).
It has been suggested that immature T-cells required to provide help for generation
of LCMV-specific CTL are infected and destroyed or functionally inactivated early
in life (Lehmann-Grube et al., 1983; Ahmed et al., 1987; Oldstone et al., 1988).
During the course of infection, variant viruses with the ability to induce persistent
infecticn in immunocompetent adult mice are selected in lymphoid tissues. As in
neonates, persistence is associated with failure to mount a CTL response (Ahmed et
al., 1984b). Although induction of and recognition by virus-specific CTL maps to
the S segment of the genome, and hence relies on expression of NP and/or GP-C
(Riviere et al., 1986), failure to mount a CTL responses against variant viruses maps
to the L gcnomic segment (Salvato et al., 1988). Thus differences between the var-
iant and wild-type viruses may not be due to alterations of specific T cell epitopcs,
but rather to alterations in polymc,-ase or other heretofore uncharacterized genes en-
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Fig. 12.5. Cryo-elecron mieroscopy, of Uukunierni virus particles displaying surface glycoprotein projec-
tions. Part;cles are approximately 100 nan in diameter. Photograph courtey M. C~yrkdaff and C-H. von
Bonidorif.

coded on L. T-cells of the helper phenotype are preferentially infected in adult mice
inoculated with an immunosuppressive variant of" LCMV termed Clone 13, but not
with wild-type, and total T cells numbers are decreased, so Clone 13 may express
a different tropism than wild-type virus in its ability to infect mature T cells (Old-
stone et a!., 1988). Depletion of T-cells specific for LCMV is not lifelong. Carrier
mice that have been cured of their infection by transfer of immune splenocytes are
protected from a second challenge with the virus, and can generate L'M V-specific
C'TL (Jamieson and Ahrned, 1988).

Infection of snacrophages with PIG is known to interfere with proliferative re-
sponses to nmacrophage growth factor (Friedlander Ct al., 1984), but it is not known
whether macrophage antigen processing functions necessary for generation ot im-
mune responses are altered in any way. There ha've been suggestions that LCMV
may depress some macrophage functions, such as phagocytosis (Gledhill et a!., 1965)
and lysozymal functions, but other studies indicate that infection with LCMV has
n•o effect on macrophage (Mimes a~nd Wai.nwright, 1968; Oldstone et a!., 1973,
Schwartz et a!., 1978).

LII



253

4.2.4. Vaccines
At the present time, no safe vaccines exist for any of the pathogenic arenaviruses.
Attempts have bIen made to develop live attenuated vaccines for MAC (Peters et
al., 1987) andJUN (Guerrero et al., 1969). The latter was tested in human volun-
teers and appeared to be efficient in inducing neutralizing antibody (Ruggiero et al.,
1974, 1981), but its use was discontinued because the virus had been passaged

through heterodiploid cells and mouse brain.
A second generation live attenuated JUN vaccine designated candidate I is curr-

ently in field trials in Argentina. This strain, which was developed from the JUN
strain XJ-44 by passage into FRhL-l cells, is stably attenuated and tested without [
incident in over 100 human volunteers before initiating double blind placebo field
trials in approximately 6000 individuals at risk in the endemic area of Argentina.

Recombinant approaches have been applied to efforts to vaccinate against Lassa.
Vaccinia recombinants containing LAS proteins have been tested in guinea pigs and
primates for efficacy against LAS challenge (Auperin et al., 1987; Clegg and Lloyd,
1987; Auperin et al., 1988). Only constructs containing GP-C were protective in
monkeys, and although immunization reduced mortality, infection and viremia
were not prevented (Auperin et al., 1988).

5. Bunyaviridae

Bunyaviridae is the largest known family of RNA animal viruses, with more than
250 serologically distinct members (Bishop et al., 1980; Karabatsos, 1978). The fam-
ily has been divided into five genera based upon molecular and antigenic properties.
Prototype viruses for the Bunyavirus, Hantavirus, Nairovirus, Phlebovirus and Uuk-
uvirus genera, respectively are: Bunyamwera, Han:aan, Crimean-Congo hemorr-
hagic fever, sandfly fever Naples and Uukuniemi viruses (Bishop, 1985; Bishop et al.,
1980; Schmaljohn and Dalrymple, 1983). Most viruses in the Bunyaviridae family
are arthropod-borne (primarily by mosquitoes or ticks), with the exception ofhanta-
viruses, which appear instead to be transmitted via aerosolized rodent excreta (Bish-
op et al., 1980; Lee et al., 1981) or by biting among rodents (Glass et al., 1988). Se-
rious and fatal infections have been associated with certain bunyaviruses (e.g.,
LaCrosse encephalitis), hantaviruses (e.g., Korean hemorrhagic fever), nairoviruses
(e.g., Crimean-Congo hemorrhagic fever), and phleboviruses (e.g., Rift Valley
fever), but many are not known to infect humans. Although all viruses in the family
share morphological and morphogenic properties, and are distinguished from other
RNA viruses by a three-segmented, single-stranded genome, numerous differences in
replicztion strategies and antigenic characteristics have been described for viruses in
each genus.
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6. Properties of Bunyaviridae

6.1. MORPHOLOGY, MOIPHOOENESIS AND VIRION COMPOSITION

Unique morphological features characteristic of viruses in each genus have been de-
scribed (Martin et al., 1985), howevet, virions generally are 80-120 nm in diameter
and appear as spherical particles. Penton-hexon clusters arranged in an icosahedral
lattice were found on the surface of Uukuniemi virus (von Bonsdorff and Pettersson,

1975). The outer z.nvelope of virion particles consists of a bilaminar membrane with
integral surface projections of approximately 5-10 nm (Fig. 12.5). The internal
composition of virions has been inferred from biochemical studies and is schemati-
cally illustrated in Fig. 12.6.

The three genome segments, designated as large (L), medium (M) and small (S),
individually complex with nucleocapsid proteins to yield three separate ribonucleo-
protein structures. Although at least one each of the L, M, and S ribonucleocapsids
must be present in infectious virions, the ratio of those present varies (Bishop and
Shope, 1979). Two virus-specified glycoproteins constitute the spike-like surface pro-
jections, one or both of which have transmembrane regions. No matrix (M) protein
is found in virion particles, suggesting a direct interaction of the nucleocapsid and
envelope proteins. Relative RNA and structural protein sizes of a representative
member of each genus of the Bunyaviridae are illustrated in Fig. 12.7.

Morphogenesis occurs primarily in association with smooth membranes, particu-
larly in the Golgi, and involves budding of morphologically complete virions into
cytoplasmic vacuoles, transport of the vacuoles to the cell surface, and release of ma-
ture virions by exocytosis (Smith and Pifat, 1982).

Olycoprotelns
(01 and 02)

(5-10 ntm spikes)
Lipid envelope

M Nucloscapsids
1(L. M and 9)

(fion-oovelently
closed citcieo)

80 - 120 "m

Fig. 12.6. Schematic repreastation of a Bunyaviridae virion. Particles contain three separate, non-cova.
lently closed nucleocapsid structures consisting of the large (L), medium (M) or small (S) RNA segment
complexed with nucleocapsid protein (N). A host-derived, bilaminar lipid envelope with integral virus.
specified glycoprotein projections surrounds the nucleocapsids.
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Fig. 12.7. Electrophoretic migration patterns of the three RNA gcnome segments and the structural pro.
teins of a %irus representative or each genus or the Bunyaviridae. Where sequence analys6is available,
the number of nucleotides and the predicted molecular weights or proteins (non-gllycosylated) are listed.
Data were obtained from the following references: (1) Bunyaviru (Snowshoe hare virus) Akashi and

Bishop, 1983. Fazakerley et al., 1988; (21 Phlebovirusm (Rift valley fever virus) Collett et al., 1985; (Punta
Toro virtu) Emery and Bishop. 1987), (3) Uukuvirus (Uuklunierni virus) Ronnholrn and Petterson, 1987;
%4) l'anta•'irus (lHanutan) Schmaijohn et &L., 1986a, 1987b); Nairovinus (Qplyub) Cier'x and Bishop,
1981.
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6.2. CODING ASSIGNMEN'rS OF VIRAL GENES

All viruses in the Bunyaviridae examined to date encode their nucleocapsid protein
(N) in the S genome -egrneat and their envelope proteins (G1 and G2) in the M
Senome segment. The coding strategies used to generate these proteins, however,
differ dramatically among viruses in each genus (Fig. 12.8).

The simplest of the strategies described thus far is that of the hantaviruses for
which known coding regions are strictly negative-sense. A single continuous open
reading frame (ORF) located in the viral-complementary-sense S or M RNA, is
used to encode the nucltocapsid protein (N) and the envelope proteins (G1 and
02), respectively (Schmaljohn et al., 1986a, 1987b). These structural proteins are
apparently the only gene products of the hantavirus S and M segments.

Like hantaviruses, bunyaviruses encode their envelope glycoproteins in a continu.
ous open reading frame in the viral complementary-sense RNA; however, at least

(Pift Vallhy Iei~r vtt)

r Wal-cmmplementary sense RNA

NSu G2 Gi

BunvAyirus
(Snowshoe hare)

Viral-complereniary sense RNA

G2 NSu G

(Hanlean)

Gi G2

r viral-camoemontivy sense RNA

A G ~ 7 Gz

Fig. 12.8. Known coding assignments or the M and S geno~ne segments of representative viruses in the
Bunyavinidac. (A) The envelope glycoprotcins (G I and G2) of viruses in each genus examined to date
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one non-structural protein (NSM) is also encoded, and has been localized to the gene
region between GI and G2 coding sequences (Fazakerley et al., 1988). The bunya-
virus S segment codes for N and a non-structural protein (NSS) using the same se-
quences but in two different overlapping reading frames of the viral-complementary
sense RNA. (Akashi and Bishop, 1983; Akashi et al., 1984; Bishop et al., 1982; Ca-
bradilla, et al., 1983, Gerbaud et al., 1987).

The continuous ORF of the viral-complementary-sense M segment of phlebovi-
ruses contains coding sequences for NSM which precede those of GI and G2. Coding
sequences for the phlebovirus N protein are found in the viral-complementary sense
RNA of the S segment and sequences for NS, in a non-overlapping region of the
viral-sense RNA. This strategy, which has thus far been reported for RNA viruses
only in the S segments of phleboviruses, and viruses in the Arenaviridae family, has
been termed 'ambisense' (Bishop, 1986). The S segment of uukuviruses also encodes
N and NS,, probably with an ambisense strategy, however, uukuvirus M segments,

Phlabovirus •

(Rift Valley lover virus)

5" viral sense RNA __"

Viral-Cori01#mentrlty sense ANA

if
N

B u r , y (~i r S n o s a e

vi,:vral-comroementary sense ANA

I i I
NSs N

Hantavirus

hviral-coI..olemenrta rvssee nNe N•
I !

B N

are encoded in a single continuous open reading frame in the viral-complementary sense RNA. Nonstruc-
tural protein coding regions (NSNI) have also been identified %ithin the open reading frame for viruses
in the phlebovirus and bunyavirus genera. The carboxy-teiTminal sequences of the G I proteins of viruses
in the hantavirus and Uukuvirus genera have not been defined, thus small amounts orNSM coding infor.
mation may exist between sequences encoding GI and G2 as indicated by ? (B) Viruses in the phlebovi-
rus, bunyavirus and hantavius genera each encode their nudeocapsid protein (N) in the viral comple-
mentary enwtr RNA. Additionally, phleboviruses encode a nonstructural protein (NSS) with non-
overlapping sequences of the viral sense RNA. Bunyaviruses encode NSs in an overlapping reading frame
of the viral-complementary sense RNA. NSs protein(s) have not been reported for hantaviruses.
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differ from those of phleboviruses in that 01 and G2 are the only gene products
(Ronnholm and Pettersson, 1987). The function(s) of neither NSs nor NSM proteins
have yet been determined for any virus in the family.

Little information ii available for the L genome segments of viruses in the Bunya-
viridae. The L segments have long been presumed to encode the virion-associated
viral transcriptase (L protein) which is required to copy the negative-sense RNAs
to messenger-sense RNAs. Direct proof of this was obtained by preparing reassortant
bunyaviruses with mixed infections of Tahyna and LaCrosse. The L genome seg-
ments of these two viruses could be differentiated by nucleic acid analysis and the
L proteins by electrophoretic migration. By examination of the nucleic acids and
proteins of reassortant viruses, it was dearly established that the L protein sorts with
the L genome segment (Endres et al., 1989).

Coding strategy information has not yet been reported for any of the genome seg-
ments of viruses in the Nairovirus genus.

6.3. ANTIENic I VAiATnON

Serological relationships among viruses in different genera of the Bunyaviridae have
not been reported, and with the exception of phleboviruses and uukuviruses which
display a low degree of amino acid homology in their envelope proteins (Ronnholm
and Pettersson, 1987), no inter-generic relationships can be discerned by comparison
of available nucleic acid or predicted amino acid sequences. These data suggest dif-
ferent origins or an early evolutionary divergence of the members of this family.

The viruses within each genus have been subdivided into serogroups based upon
cross-reactivities in tests such as hemagglutination inhibition, neutralization and
complement fixation. The largest genus, the Bunyavirus genus, is the best character-
ized serologically, and includes 16 serogroups with more than 100 distinct viruses.
Even within a particular serogroup viruses display antigenic differences detectable
by monoclonal antibody (mAb) reactivities. An example of this diversity can be ob-
served with viruses in the Bunyamwera serogroup, in that people infected with one
virus in this group are not protected from infection with another virus in the same
group (Gonzalez and Georges, 1988). At the genetic level, even individual isolates
of the same virus are distinguishable. For example, numerous isolates of LaCrosse
virus, obtained in the same or different geographic locales, either at the same or dif-
ferent times, all were found to be genetically distinci by oligonucleotide fingerprint
analyses, suggesting that a high and frequent rate of mutation occurs (Beaty, et al.,
1988).

To examine antigenic variation and to localize point mutations which may be im-
portant in immunity, Battles and Dalrymple (1988) sequenced gene regions o0 "22
isolates of RVFV which were known to encode epitopes involved in neutralization
and protection (see below). The isolates had been collected over a 34 year time peri-
od from six African countries. They were able to identify specific base variations
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which resulted in amino acid coding differences and rendered isolates resistant to
neutralization by mAbs defining the epitopes. Amino acid differences which corre-
lpted with loss or reduction of reactivity with the mAb in question involved changes
of amino acid charge. In some cases, there was reduced mAb reactivity despite con-
venation of the peptide against which the mAb was known to react; presumably,
this is explicable on the basis of amino acid changes in other juxtaposed regions of
the viral glycoproteins. (reference crystallography of Ag-Ab interaction with influ-
enza; Colman et al., 1987)

In addition to the resultant 'antigenic drift' such point mutations would incur, the
segmented genomes of viruses in the family also allow for more dramatic "antigenic
shifts' attributable to segment reassortment. Reassortment among viruses in the
California serogroup of bunyaviruses has been demonstrated in cell culture and in
mosquitoes both in the laboratory and in nature. Reassortnent was also obtained
by interrupted feeding of mosquitoes on animals viremic with different viruses
(Beaty et al., 1985). The ability to reassort, however, appears to be limited only to
very closely related viruses. It has not been possible to obtain reassortment between
viruses in different serogroups of the Bunyavirus genus, nor between viruses in differ-
ent genera.

Host influences on viruses have also been suggested to play a role in the antigenic
properties of bunyaviruses. Repeated passage of Bunyamwera and snowshoe hare vi-
ruses in cultured mosquito cells resulted in the loss of reactivity of certain monoclon-
al antibodies with the parent, mammalian cell culture passaged virus (James and
Millican, 1986). Bunyaviruses, phlebovirus, uukuviruses and nairoviruses all repli-
cate alternately in invertebrate and vertebrate hosts, and are generally noncytolytic
in arthropod host cells, but cytolytic in vertebrate cells. Consequently, host factors
may greatly influence the antigenic ev3lution of these viruses. In contrast, hantavi-
ruses replicate only in vertebrate (usually rodent) hosts, often persistently, with little
or no detectable cytopathology. Although numerous hantavirus strains can be differ-
entiated by serological means, the extent and frequency of antigenic drift in hantavi-
ruses has not been reported. Evidence exists that a particular strain of virus may be
antigenically stable as suggested by studies in which antigenic differences between
Hantaan virus (a rodent isolate) and two isolates from Korean hemorrhaic fever
patients could not be detected with monoclonal or polyclonal antibodies. Further-
more, although the isolates came from different vertebrate hosts, and were obtained
over an eight year time-frame, the predicted amino acid sequences of the envelope
proteins of these viruses differed by less than 3% (Schmaljohn et al., 1988).

7. Antibody-mediated immunity

In general, neither structural nor nonstructural viral proteins are translocated to in-
fected-cell surfaces in quantities sufficient to be demonstrated with antibodies. Thus,
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the principal targets of protective antibodies appear to be virion surface glycopro-
teins, with little or no contribution from cytolytic mechanisms requiring comple-
ment or accessory cells. Two exceptions were noted. The first was observed by im-
muno-electron microstopy in cells infected with a hantavirus isolated from rats (R22
virus). The infected cells displayed a thick layer of antigen, which was thought to
be virus-specific, located on top of, but distinct from the plasma membrane. It is un-
clear if or how this material is involved in viral morphogenesis as mature virions
could be observed budding irtracellularly into Golgi vesicles as is usual for viruses
in the Bunyaviridae (Hung et al., 1985). It was not determined if the antigen layer
had any significance for immunity. The second potentially important exception was
noted with the phlebovirus, Rift Valley fever virus (RVFV), which expressed enve-
lope glycoproteins and could be seen budding not only in Golgi but at plasma mem-
branes in primary hepatocytes; in other cell types RVFV exhibited the more typical
absence of cell-surface proteins (Anderson and Smith, 1987).

7. . NEu-rRALUZAION

Neutralization of virion particles, i.e., reaction of antibody and virions in a manner
which significantly reduces the number of observable infectious particles, presuma-

bly requires accessibility of virion proteins to the neutralizing antibody. The enve-
lope glycoproteins of viruses in the Bunyaviridae are at least partially exposed on the
virion surface as intdicated by reactivity of antibodies with both O1 and G2 in stud-
ies such as immunoelectron microscopy, radioimmune precipitation, or enzyme
treatment of intact virions. In contrast, antibodies to N do not react with virions.
No information is available concerning the precise location of the L protein, howev-
er, it is assumed not to be exposed on the virion surface.

Because of obvious structural constraints, not all portions of G1 and G2 can be
accessible to antibodies that might mediate neutralization. The GI protein of LAC
was found to be more susceptible to digestion by proteolytic enzymes than was 02,
suggesting that more of 02 may be sequestered within the viral envelope. After en-
zyme treatment, the modified LAC virions demonstrated reduced neutralization by
polyclonal sera, indicating that 01 plays an important role in neutralization of vi-
rion particles (Kingsford et al., 1983).

The involvement of G I and G2 epitopes in virion neutralization has been more
accurately defined by use of mAbs, which have been described for representative vi-
ruses in each genus excepi the Uukuvirus genus. Not surprisingly, mAbs reactive
with nucleocapsid proteins have been found devoid of neutralizing (NT), hemagglu-
tination-inhibiting (HI), or protective activities, though they provide useful serolog-
ical reagents by virtue of the fact that nucleocapsid proteins may carry either virus-
specific or conserved, genus-specific epitopes. In contrast, some mAbs reactive with
G I and G2 will demonstrate NT and/or HI activities and may protect animals from
infection or disease. Where examined, both GI and G2 are antigenically complex,
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each possessing multiple epitopes that can be discriminated by mAb reaction pat-
terns and mAb competition grouping. With phleboviruses (Keegan and Collett,
1986; Pifat et al. 1988,), hantaviruses (Dantas at al., 1986; Arikawa et al., 1989),
and nairoviruses (J. Smith, personal communication), both G1 and G2 possess one
or more epitopes defined by neutraliring or hemagglutination-inhibiting mAbs.
With bunyaviruses, NT and HI activities have been attributed only to Gi-specific
mAbs, but G2-specific mAbs have not been obtained and the possibility that G2
bears immunologically relevant epitol.es has not been formally excluded (Gonzalez-
Scarano et al., 1982).

7.2. HUMOR.AL IMMUNrTY

Humoral immunity is experimentally defined by the ability of transferred antibodies
(as serum or monoclonal antibodies) to confer specific antiviral resistance to non-im-
mune animals. It is not always synonymous with viral neutralization as it is com-
monly viewed, in that the protective mechanism(s) may be inadequately or even
erroneously reflected by in vitro neutralization assays. This discrepancy was clearly
illustrated by analyses of antibody-mediated protection with mAbs. For example,
with the phlebovirus, Punta Toro virus (PTV), it was demonstrated that a mAb
with very low neutralization activity (1:10) in vitro, nevertheless protected all ani-
mals from a lethal PTV challenge (Pifat et al., 1988). The ability of antibodies hav-
ing poor neutralizing antibody in vitro to confer protection in vivo was previously
noted with alphaviruses as well (Schmaljohn et al., 1982); however, the protective
mechanism for viruses in the Bunyaviridae seems unlikely to correspond to the anti-
body-directed cytolysis observed with alphaviruses, but more likely involves virion
opsonization (and clearance by cells of the reticuloendothelial system) or comple-
ment-mediated virolysis.

More confounding was the observation that certain mAbs or polyclonal mono-
specific antibodies exhibited good neutralizing activity in vitro but were ineffectual
in confering protection in vivo. These were G2-specific in the case of PTV and spe-
cific for the homologous protein, GI, in RVFV (Smith et al., 1987; Pifat et al., 1988;
Dalrymplc et al., 1989). These observations could not be easily explained on the
basis of immunoglobulin isotype, avidity, or other trivial possibilities. The same
principle; i.e., that G2 of RVFV confers A greater level of antibody-mediated immu-
nity than G I despite equivalent or greater levels of neutralizing antibodies induced
by the latter, was upheld by data involving mice immunized with vaccinia recom-
binants that expressed only either G2 or G1 (Dalrymple et al., 1989). These results
demonstrate an inadequacy of conventional serology in predicting antibody activi-
ties in vivo and indicate the need for caution in extrapolation of in vitro principles
to immunity.
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7.3. MOLECULAR DEFMI ON oF B CELL IprrOPES

Competitive inhibition with panels of mAbs have provided rough estimates of the
number and complexi.ty of antigenic sites important in neutralization and protection
of viruses in the Bunyaviridae. This methodology, however, does not permit localiz-
ation or epitopes within the gene. Molecular techniques were employed with the
phlebovirus RVFV which allowed determination of sequences encoding epitopes re-
cognized by three neutralizing (and protective) and one non-neutralizing G2-specif-
ic mAbs (Keegan and Collett, 1986). Progressively smaller cDNAs, representing spe-
cific regions of the RVFV G2 gene, were expressed as 0-galactosidase fusion proteins
in E. coli and the expressed proteins were tested against individual mAbs. With this
method it was possible to limit the three epitopes reactive with neutralizing mAbs
to 11, 20, or 34 amino adds, and the epitope reactive with a non-neutralizing mAb
to 14 amino acids within the G2 gene. The 20 and 34 amino acid epitopes over-
lapped, but the 20 amino acid epitope appeared to be structurally constrained (as
indicated by the inability of the mAb to recognize denatured antigen) while the 34-
amino-acid epitope was not (as indicated by mAb reactivity with both native and
denatured protein). Synthetic peptides representing 9-14 amino acids within neu-
tralizing sites were found to elicit antibody responses in animals, and in one case the
resultant antibody displayed high titered neutralizing activity (Smith et al, 1987).

8. T ceU responses

The roles that T cells play in immunity to viruses in the Bunyaviridae remain relat-
ively poorly defined, perhaps because antibodies alone have proven sufficient to
confer resistance in all cases examined. However, the prominent role of antibody-
mediated resistance does not preclude a critical role for T cells in recovery from pri-
mary infection, in cross-reactive immunity, and possibly in immunopathology. Nor
should the influence of T cells on quantitative and qualitative aspects of antibody
responses be underestimated.

Through their work with hantaviruses, Asada et al.(1987, 1989) have provided
the clearest evidence for the potential importance of T cells in resistance to a
member of the Bunyaviridae. They showed that Hantaan-specific cytotoxic T lym-
phocytes (CTL) can be demonstrated if immune mouse lymphocytes are restimulat-
ed in vitro with Hantaan antigen. Similarly, they were able to demonstrate cross-
reactive CTL by restimulating, with Hantaan, spleen cells from mice immunized
with hantaviruses representing different serotypes from Hantaan (Prospect Hill and
Puumala viruses). The bulk of the cytotoxic cells, assayed on Hantaan-infected peri-
toneal macrophages, bore a surface phenotype (ThylI, L3T-, Lyt2 +) generally as-
sociated with class I-restricted CTL. Adoptive transfer of ,mmune T cells, subsets of
immune T cells, or serum to nonimmune mice were used to demonstrate that the
abilities of mice to control Hantaan viremia were attributable not only to antibodies
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but also, in part, to T cells bearing either helper (Thy I +, L3T4 +, Lyt2- ) or cy-
tolytic (Thyl +, L3T4-, Lyt2 +) phenotypes. In one instance of cross-protection
among related but dissimilar viruses (protection against Hantaan by immunization
with Puumala) their evidence suggested that T cells may be particularly relevant
(Asada et al., 1989).

Except for one preliminary report (Balady, 1987), in which vaccinia virus recom-
binants expressing RVFV envelope glycoproteins were shown to elicit CTL, the pro-
teins that elicit T cell responses to viruses in the Bunyaviridae have not been defined.
In contrast with humoral immune mechanisms, it has been demonstrated in many
viral systems that T lymphocytes are somewhat indifferent to the presence or ab-
sence of native viral proteins on cell surfaces, and might well react with unfolded or
fragmented proteins representing any of the viral gene products. Consequently, any
and perhaps all of the virus-encoded proteins of Bunyaviridae may eventually be
found to elicit some degree of T cell responsiveness. The challenge will be to distin-
guish which of the responses are genuinely important in immunity. With recent ad-
vances that include not only gene sequencing and thereby the potential exploitation
of synthetic peptides, but also the synthesis of individual proteins or their fragments
in a variety of expression systems, a more thorough understanding of the cellular im-
munology of Bunyaviridae can be anticipated.

9. Approaches to new vaccines

Vaccine development for viruses in this family hai been guided by the observation
that traditional killed vaccines, where it has been possible to make and test them,
have generally been effective in exptriimental systems, undersco,-ing the dominant
role of antibodies in protection. In addition to killed vaccines, subunit preparations,
live-attenuated viruses, and more recently, recombinant-expressed proteins or live
recombinant viruses have been investigated as potential vaccines for viruses in the
Bunyaviridae. Studies of RVFV vaccine candidates best illustrate the continuing ev-
olution of thought and experimentation in vaccines against members of the Bunyavi-
ridae.

The first RVFV vaccine developed was a formalin-inactivated virion preparation.
This vaccine elicits virus-neutralizing antibodies, is exceptionally effective in pre-
venting disease and death in laboratory animals, and has been used with apparent
efficacy in people at risk from natural or laboratory exposure (Randall et al., 1964;
Eddy et al., 1981); however, it is expensive to produce, is not particularly immuno-
genic (three inoculations are recommended), and it carries the inherent risk of in-
complete inactivation. A candidate live-attenuated RVFV vaccine was dered from
its more virulent progenitor by chemical mutagenesis and subsequent selection of a
virus that appears to be highly attenuated in its virulent properties, yet replicates
sufficiently to evoke antibodies and solid immunity in experimental animals includ-
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ing domestic livestock, the main target of RVFV epidemics (Caplen et al., 1985;
Morrill et al., 1987). Despite apparent multiple mutations resulting from successive
passes in the presence of the chemical mutagen, (Caplen et al., 1985) such a vaccine
carries the theoretical-risk of reversion or reassortment and, even in the event that
it proves a highly safe and successful vaccine, such a strategy for vaccine production
may be difficult or impossible to reproduce with other viruses in the family.

Recombinant DNA based vaccine strategies are still under development, but offer
exciting possibilities for disease prevention. Moreover, these strategies involve the
significant advantage of avoiding propagation of large amounts of pathogenic vi-
ruses in the laboratory or vaccine production facility. As described above, E. coli-
expressed, RVFV-0-galactosidase fusion proteins were used to definitively map
three neutralization epitopes on G2 (Keegan and Collett, 1987). Collett et al.
(1987), further tested the abilities of such proteins to serve as immunogens. Al-
though results verified the protective potential of G2 immunization, the fusion pro-
teins were otherwise disappointingly poer immunogens and protected only 70% of
animals from a lethal challenge of RVFV even when high dosages of antigen were
administered.

In contrast to the bacterial expression products, vaccinia recombinants which ex-
pressed both GI and G2 were readily able to elicit antibodies and immunity in ex-
perimental animals and more importantly prevented abortion in pregnant sheep, a
major consequence of RVFV infection of livestock (Collett et al., 1987; Dalrymple
et al., 1989). The strain of vaccinia used to construct recombinants was found to
play a role in successful induction of immunity in the sheep (but not in mice), sug-
gesting that caution must be taken in projecting the success of a vaccine tested in
laboratory animals to that obtained in naturally infected hosts. In agreement with
results obtained by passive protection of animals with mAbs, when tested individual-
ly, recombinants expressing G2 were found to elicit a greater level of immunity than
those expressing only 01 (Dalrymple et al. 1989). A potential advantage to the vac-
cinia expression system is the concomitant induction of CTL (Balady, 1987). How- •t
ever, it has the drawback of being intimately linked to the biology and immunology
of the vaccinia virus vector, so that expression levels, vaccinia virus strain, and vac-
cinia-immune status may all be critical to vaccine efficacy.

Expression of the same RVFV genes by baculovirus recombinants (Autographa
californica nuclear polyhedrosis virus), resulted in production of abundant amounts
of G I and G2 in lepidopteran insect cell cultures. The glycoproteins were biochem-
ically and antigenically indistinguishable from authentic RVFV GI and G2, and
-he expressed proteins were immunogenic in mice (Schmaljohn et al., 1989a). Re-
combinant-infected cells that contained both G I and G2 elicited neutralizing anti-
bodies in mice and conferred immunity to lethal challenge. G2 alone was apparently
less immunogenic, but was also effective. Potential impediments with this vaccine
strategy include the purification of viral antigens from insect cell contaminants, the
possible influences of glycosylation differences between invertebrate and vertebrate
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cells, and the theoretical concern that some important immunological component
would be absent in the response elicited by a subunit vaccine.

Because they contained only glycoprotein genes, (unlike killed or live-attenuated
vaccines) both the vaccinia and baculovirus recombinant immunogens elicited no
antibodies to the nucleocapsid protein and therefore provided a convenient serolog-
ical marker to discriminate vaccinated from infected individuals.

Similar but less extensive approaches have been used experimentally to evaluate
experimental vaccines against other viruses in the Bunyaviridae. Recombinant vac-
cinia viruses have been shown to express apparently authentic glycoproteins of an-
other phlebovirus, PTV, how: ver protective properties of the expressed proteins
have not yet been reported (Matsuoka, et al., 1988). Hantaan glycoprotein and nuc-
leocapsid genes have been expressed in both vaccinia and baculovirus recombinants
(Schmaljohn et al. 1987a, 1989b); antigens produced in both systems were able to
elici: antibodies in animals. Vaccinia recombinants containing both GI and G2
were particularly effective at inducing neutralizing antibody responses, but it is oth-
erwise difficult to assess Hantaan vaccine efficacy because of the current lack of a
suitable animal model for human disease.

10. Conclusion

The arenaviruses, and particularly LCMV, have long provided investigators with
biological models of exceptional interest and merit. Over the last decade the molec-
ular biology of this group has advanced to the extent that meaningful questions ad-
dressing molecular pathogenesis can be approached. The next generation of studies
will combine b;ological and molecular approaches to elucidate mechanisms of viral
persistence, immunosuppression, inhibition of luxury function, and to provide a safe
and effective vaccine for diseases like Lassa fever and Argentine hemorrhagic fever.

With Bunyaviridae, molecular biology is providing a particularly important set of
tools for unifying traditional serology, cellular and molecular immunology, and vac-
cine development. With the Bunyaviridae tested to date, there appear to be no unu-
sual barrier-, to the expression of viral antigens by either vaccinia or baculovirus re-
combinants. Rapid advances in immunochemistry, previously thwarted by poor
growth characteristics or high biohazard potential of important members of the
Bunyaviridae, can be also expected for this diverse family.
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Summary

The completed sequence of the arenavirus, lymphocytic choriomeningitis virus,
revealed a new gene encoding a small protein with a single zinc-binding domain.
The cDNA for this gene has been expressed in E. coli to produce fusion protein
that has been used to raise antisera. The antisera facilitated the positive identifica-
tion of the pl I 'Z' gene product as a structural component of the virion. A related
arenavirus, Tacaribe, has a comparable pll gene product. The abundance of the
p1l Z protein relative to other virion components has been determined by
metabolic labeling. Triton X-114 extraction and dimethyl suberimidate-HCI
crosslinking indicate that the pll Z protein is a hydrophobic protein associated
with the nucleocapsid of the virion core.
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Introduction

Arenaviruses, like most other negative-strand RNA viruses, have a small single.
stranded genome of 10-15 kb. Unlike other negative-strand viruses, arenaviruses
contain two genome segments, a large (L) RNA segment of 7-8 kb and a smaller
(S) segment of 3-4 kb, both of which bear ambisense coding arrangements. Three
types of gene products have been described for the arenaviridae: the nucleocapsid
protein (NP), the envelope glycoproteins (GP-1 and GP-2), and the RNA poly-
merase (L). Completion of the genomic sequence revealed an additional open
reading frame in lymphocytic choriomeningitis virus (LCMV) (Salvato et al., 1988,
1989; Salvato and Shimomaye, 1989) and in the related arenavirus, Tacaribe
(iapalucci et al., 1989). Because of its single zinc-binding domain, the new LCMV
gene product was designated p1 1 'Z'.

The function of the Z protein remains a matter of speculation. Other negative-
strand RNA viruses have, in addition to polymerase, nucleocapsid, and envelope
glycoproteins, two other functional categories of protein often designated non-
structural (NS) or phosphoprotein (P), and matrix protein (M). The NS/P proteins
are generally thought to act as mediators of transcription and are often found in a
functional complex with the nucleocapsid and polymerase proteins. The M pro-
teins are thought to mediate virion assembly and are found to be integral
membrane proteins of the virion. The Z gene product is found both in association
with virion cores and in association with the hydrophobic phase of a Triton X-114
extraction. These associations may be fortuitous or may be indicative of more than
one function for the Z gene product. The possibility of alternate structures or
modifications of the Z protein is still under investigation.

Materials and Methods

Production of the Z gene cDNA

The LCMV strain Armstrong isolate 53b was used for most of these studies, and
the Armstrong isolate 4 was uscd for tne crosslinking studies. Maintenance of virus
stocks and purification of viral RNA have been described (Salvato et al., 1988).
DNA copies of the LCMV Z gene were made by reverse transcription of viral
RNA followed by amplification using the polymerase chain reaction (Saiki et al.,
1988) with two flanking oligonucleotide primers (CGCACCGOGGATCCTAG-
GCG20 and TGTGTGTGTGTGCGTG'TCTGS; subscript numbers refer to the
base number from the 5' end of the viral L RNA (Salvato and Shimompve, 1989)).
This cDNA was cloned into t0 . Snial site of pUC18 (Yanische-Perron et al., 1985)
to make pZ-ORF.1.

High level expression of the LCMV Z gene in bacteria

Escherichia coli strain BL21-DE3 (F-hsdS gal rB-mB-) is a lambda lysogen
containing the T7 RNA polymerase gene downstream of the isopropyl-,,..D-
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thiogalactupyranoside (IPTG)-inducible IacUV5 promoter (Studier and Moffat,
1986). The plasmid pRK172 is a pBR322-derivative containing the T7 polymerase
promoter 010, the translation start site for the T7 gene 10 protein, and a deletion
for the pBR copy control region (described by McLeod et al., 1987). Plasmid
pRK172/Z.ORF.l was constructed as described in Fig. la. The Avail site could
only be cleaved in DNA prepared from dcm- strains such as BL21-DE3. An
Ndel/Avall adapter retained the bacterial ribosome binding site upstream of the
Z gene reading frame and fused an additional 8 amino acids to the N-terminus of
the Z gene product.

Pirificarion of Z fusion protein

One liter of bacteria was grown to mid-log phase, incubated with 0.4 mM in
IPTG for 1 h, pelleted, and suspended in 10 ml of GTC buffer (4 M guanidine
isothiocyanate, 25 mM sodium citrate pH 7, 30 mM dithiothreitol (DIT), 0.5%
sarcosyl). Five milliliters of this lysate was loaded on a 300 ml column of Sephadex
G-200 in GTC buffer. Three-milliliter samples were collected beginning with a
void volume marked with blue dextran. Peak fractions containing the Z protein,
22-25, were pooled and dialysed overnight against a liter of buffer (10 mM
NaPO4, 30 mM DTT, pH 7.0). Precipitates that occasionally formed during dialysis
contained contaminating proteins and were discarded. Half of the soluble Z
protein was loaded in dialysis buffer onto a 4 ml Heparin agarose column, and
washed in steps of increasing salt concentration (0.01 to 1.0 M NaCI): 90% of the Z
protein eluted upon the addition of buffer containing 0.3 M NaCI. The yield of Z
protein by this procedure is approximately 10-20 mg Z protein per liter of starting
bacterial culture. This purification scheme provided sufficient fusion protein for
antibody production. Z protein was occasionally purified by gel elution as de-
scribed by Hager and Burgess (1980).

Production of Z-specific antisera in rabbits

Column purified Z protein was concentrated by precipitation with 4 vols. of
acetone, resuspended to 1 mg/ml in 10 mM NaPO4 , 4 M urea and diluted 1: 1
with adjuvant. Rabbits were injected at 2-week intervals: men first injection was 0.5
mg Z protein with complete Freunds adjuvant given intramuscularly (i.m.), the
second, third, and fourth were 0.1 mg Z protein with incomplete Freunds (i.m),
and subsequent injections were 0.1 mg Z protein with 10% aluminum hydroxide
hydrate (Aldrich) in phosphate-buffered solution (PBS) (140 mM NaCI, 2.7 mM
KCI, 15 mM KH 2PO4 , 8.1 mM Na 2HPO4) given intraperitoneally.

Production of 1 35Slcysteine-labeled virus

Ten TO,, flasks of BHK-21 cells were grown to 80% confluence and infected
with LCMV Armstrong at a multiplicity of 5 pfu/cell. At 32 h post-infection,
media was replaced with media lacking cysteine (Select-Amihe Kit, Gibco). At 33 h
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post-infection, 0.5 mCi cysteine (NEN) was added per flask and harvested at 48 h
post-infection. Virus was precipitated with 7% PEG, and banded twice on
renografin gradients, then disrupted in SDS gel buffer and electrophoretically
analysed by 15% SDS PAGE (Laemmli, 1970). Viral proteins were detected by
autoradiography, excised, and counted in scintillation cocktail (Poly-Fluor,
Packard).

Immunoprecipitation of Z fusion protein and of pll from metabolically labeled
tirions using the rabbit polyclonal antisera

Bacteria BL21-DE3 containing pRK172/Z-ORF.1 was radio!abeled by incuba-
tion of I ml log-phase culture with 5 .tCi (3 Scysteine for 30 min. Bacteria were
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Fig. I. High level expression of the LCMV Z gene in bacteria. (a) Cloning the Z gerne cDNA into
pRKI72 and expression into E. coli. (b) IPTG induction of the 17 RNA polymerase gene in BL2I-DE3
leads to higher Z protein expression. Bacteria were labeled with ['5Sjcysteine and proteins were
extracted at 30. 60 and 120 min after addition of IPTG and isotope (see Materials and Methods).
Extracts were electiophoretically separated on 15% SDS-PAGE and autoradiographed. Lanes I. 3 and
5 contain proteins from bacteria BL21.DE3/pRK172 (not expressing Z) and lanes 2, 4 and 6 contain

protcins from bacteria BL21.DE3/pRKI72/pZ-ORF.i expressing Z protein.

pelleted, resuspended in 0.5 ml SDS-PAGE sample buffer (Laemmli, 1970), boiled
2 min, and diluted into 2 ml PBS. 100 Al of this extract was immunoprecipitated
with rabbit polyclonal serum (diluted 1:100) as described (Wright et al., 1989).

To precipitate p11 Z protein from preparations of LCM virions, 200 4g- of
metabolically labeled virus (['Skcysteine as described above) is treated with 1%
Triton X-100 for 30 min at 37"C, separated by equilibrium sedimentation from the
other viral proteins (Burns and Buchmeier, 1991), and immunoprecipitated with
rabbit polyclonal antiserum as described (Wright et al., 1989). In such disrupted
virus preparations, the pl! Z protein is in the top protein fraction of the gradient
(see fraction 16, Fig. 2 of Burns and Buchmeier, 1991). Immunoprecipitated



190

fractions from both bacterial extracts and from gradient fractions of Triton-dis-
rupted virus, were separated for analysis on 15% SDS-PAGE.

Triton X-114 extraction of virus

[ 35S]Cysteine-labeled virus was subjected to 3 cycles of Triton X-114 extraction
to separate aqueous and detergent-associated components. One cycle involves a
5-min incubation at 4"C, a 3-min incubation at 30"C, and centrifugation through
6% sucrose for 3 min at 325 g as described (Bordiei, 1981). Subsequent cycles
used the aqueous phase of the previous cycle. Extracts were analyzed by 15%
SDS-PAGE and autoradiography (Fig. 3).

DMS crosslinking of Lvirus

LCMV Armstrong 4 was subjected to crosslinking with the bifunctional
crosslinking agent dimethyl suberirnidate-2HCI (DMS) as described by Burns and
Buchnieier (1991). Crosslinked virus and non-crosslinked controls were denatured
in gel sample buffer, run on 5-15% SDS-PAGE (Laernmli, 1970), transferred to
immobilon P membranes (Millipore), and immunoblotted as described (Burns and
Buchmeier, 1991). Rabbit polyclonal serum to Z protein (described above) and to
NP amino acids 130-144 (described by Buchmeier et al.. 1987) were used in
immunoblotting.

Results

High level expression of the LCMV Z gene product in bacteria

The p1l Z gene product was abundantly expressed as a fusion protein down-
stream of a T7 RNA polymerase promotor (Fig. 1). Expression of the fusion
protein could be induced by the addition af ITG to the culture (Fig. lb).
Bacterial extracts were column fractionated and the purified Z protein was used to
raise antisera in rabbits as described in Materials and Methods.

Use of polyclonal antisera to identify p) l Z as a structural component of the 'irion

[ I'SCysteine-labeled Z protein could be immunoprecipitated from bacterial
extracts expressing fusion protein and from LCMV that had been treated with 1%
Triton X-100 and fractionated on a 5-50% sucrose gradient. Immunoprecipitated
samples were fractionated on 15% SDS-PAGE and subjected to autoradiography
(Fig. 2). Lane A depicts immunoprecipited proteins of BL21-DE3/pRK172/Z-
ORF.1 with control 'pre-bleed' antiscrum, lane B employs the rabbit anti-Z serum
(bleed 3 as described in Materials and Methods), whereas lane C depicts immuno-
precipitated proteins from control bacteria (BL21-DE3/pRK172) not expressing Z
fusion protein. The fusion protein migrates at approximately 14 kDa. Proteins in
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Fig.~~ 2. ACoaiga of Eai~woreiiae F3 Scscn~aee rtin.LnsACaepe

raesofbctril xrats Aad :na~'~ etacb xpesig usonprtin lneAemloe

Fxrsing. 2 h. Z fusion pr otein Lanepoaeprecipiae Mytates of elCM proteins.Lns tA hare preenpi

fractionated on a 5-5007c Tritcn X-10O/sucrose grad ietit. Lanes D and FE conrtain the top fraction or the
pI I orotcin oi such tj gradient; hine n) employed control 'pre-bleed' serum and lane E employed the
enti-Z serum. Lane F coontained thc~ middle (faction of the sucrose gradient devoid of any p]1I protein

ano employed the anti*Z serum.

lanes D and E are from tne top fraction of a 5-50% sucrose gradient S~edimenta-
tion of Triton-disrupted virus; lane D has been immunoprecipitated with pre~-bleed
control serum, lane E has been inimuneoprecipitated with anti-Z serum. Lane F is
immunoprecipitated proteins feum the middle fracti,,n of the 5-50% sucrose
gradient with anti-Z serum. As is c~eiint in Fig. 2 from Burns and Buchmeier
(1991), envelope proteins and nucleocapsid pixottins migrate near the middle of the
5-50% sucrose gra~dients; the L rrotein pellet; with viral cores, and the p11I gene
product (later identified by immunoiprecipitation) migrates in the top protein
fraiction. Here we show the p11 gene product migrating at 11 *.D*a after immuno-
pre~cipitation with rabbit antistrim and gel clectrophotusis.
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Fig. 3. Triton X-114 extraction of metabolically labeled virus. [35SlCysteine-labeled viral proteins were
electrophoretically separated on 15% SDS-PAGE and aetoradiographed. Lane V wontains whole virus.
lanes P and S contain the Triton X-1 14 extracted pellets and supernatants. respectively (see Materials

and Methods).

Fig. 4. DMS crosslinking of LCMV. Virus was mildly crosslinked with DMS. denatured in
SDS/mercaptocthanol sample buffer and subjecc,4d to electrophoresis (Laemmli. 1970). Proteins were
transferred to membranes, incubated with antibody to Z protein (first lane) or to NP (tecond and thiud
lanes), developed and photographed as described (Burns and Buchmeier. 1991). The arrow ib pointing

to a 75 kDa protein which appears in immunoblots with either anti-Z scrum or arti-NP serum.

Relative quantities of L'iral structural proteits determined by metabolic labeling with
I 35Slcysteine

[13 S]Cysteine-labeled viral proteins were separated by electrophorcsis on 15%
SDS-PAGE (as depicted in Fig. 3) excised from the gel, and quantitated (Table 1).
The most abundant protein, NP, was fixed at 1500 copies per virion, as estimated
for Pichinde, another arenavirus (Vezza et al., 1977).
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TABLE I

Incorporation of radiolabeled [35S)cysteine into LCMV structural proteins

LCMV protein cpmn/protein Residues/protein Prateins/vinion b

La4beling Expt. 1
L protein 1720 'cysteines 22
NP 1788M 1500
GP. 1 5050 4-2. -6 c 657
GP.2 78!8 9678
Z 3726 7 416

Labeling Expt. 2
L protein 8235 61 cysteines 30
NP 6-3290 7 1500
GP-1 17625 8-2 - 6 650
GP.2 27200 9 663
Z 15300 7 486

Vinion proteins were separated bry SIDS-PAGE, stained with Cooranssie blue, excised and counted in
scintillation cocktail (Poly-Fluor, Packard).

" Proteins/virion was calculated by assuming that each virion has 1500 copi.-s of NP protein (Bruns and
Lehmann Grube. 1983; Vezza et al.. 1977). This number was used to calculate a specific activity for
the radiolabeled precursors in the vision. A sample calculation for s.pecific activity of the cysteine
labeling is as follows: (63290 cpm per NP gel band) +0( cysteines per NP protein)x(1500 NP proteins
per viriors) - 4.5 cpm/cysteine. A sample calculation for C~ie number of Z proteins per vinion is:
(15300 cpm/protein in the gel slice)-ý(" cysteines/proteinbx(4.5 eprn/cysteine)m 486 copies of Z
protein per vinon. These calculations are within ± 12% accuracy as determined by the quantitation of
3 different gel runs. from each labeling experiment.
After process-Ing of 59 N-terminal residues from GP-1 only 6 of l4he 8 cysteines remain (Burns and
Buchmeier. in preparation).

The Z protein separates with the detergent- rich phase after Triton X- 114 extraction

I35S)Cysteine-labeled virus was subjected to 3 cycles oi extraction with Triton
X-1 14 such that viral components partitioned into either the detergent-rich pellet
or the aqueous supernatant. Fig. 3 is an autoradiograrn of elect rophore tically
separated whole virus (lane V), detergent-rich pellet (lane P), and aqueous
supernatant (lane S). The Z protein remains with NP and GP-2 in the detergent-rich
pellet, whereas GP-1 and GP-2 are in the supernatant. This result has also been
obtained at pH 6, pH 7, pH 8 and pH 9 anid in the presence or absence of zinc,
with little variation (data not shown).

The Z protein crosslinks to NP in LCM cirions

Intact virioris were treated with the memibranec-permeable reagent DMS -which
crosslinks primary amines within 11 A proximity to one another. Fig. 4 is~ an
autoradiogram of two Western blots from one 5-15% SDS-PAGE of LCMV
proteins. In the first and second lanes (DMS + ), virus was DMS crosslinked prior
to denaturation in gel sample buffer and electrophoresis. In the third lane
(DNIS - ), virus was not c-rosslinked prior to denaturation and electrophoresii. The
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lanes were excised, transferred to membranes, and the first lane was incubated
with anti-Z serum, whereas the last two lanes were incubated with anti-NP serum.
A prominent crosslinked product is indicated with an arrow, and it corresponds in
molecular weight to approximately 75 kDa. The 75-kDa crosslinked product
appears after incubation with either anti-Z serum or anti-NP serum (Fig. 4).

Discussion

The polymerase (L protein), the nucleocapsid protein (NP), and two envelope
glycoproteins (GP-1 and GP-2) are known to be components of the arenaviridae
(Bruns and Lehmann-Grube, 1983; Vezza et al., 1977; Buchmeier and Parekh,
1987). The completed sequence of LCMV revealed the presence of an additional
gene and binding studies with "ZnC1 2 identified an 11 kDa zinc-binding virion
component (Salvato and Shimomaye, 1989). Immunological and biochemical evi-
dence that the pl I Z protein is a structural component of the LCM virion closely
associated with the nucleocapsid core is presented here. The p11 Z gene product
may have been overlooked previously because of its small size, causing it to
comigrate electrophoretically with degradation products of NP, and because of its
lack of methionines for metabolic labeling.

Immunological eLidence that p1l Z is a structural component of LCMV

The Z gene product was expressed as a fusion protein in bacteria (Fig. 1), and
used to raise specific polyclonal antisera. These antisera immunoprecipitated the
fusion protein from bacterial extracts and immunoprecipitated an 1 1-kDa virion
protein from purified virus that had been metabolically labeled with [31S]cysteine
(Fig. 2). The polyclonal sera have also been used to visualize the Z gene product in
the cytoplasm of infected cells (Salvato, unpublished) and for Western-blot analysis
of viral proteins, such as is depicted in Fig. 4.

Biochemical characteriza tion of p1 I Z protein

The abundance of p11 Z protein in relation to other virion proteins was
determined by analysis of metabolically labeled virus. [35S]Cysteine-labeled LCMV
proteins were electrophoretically separated (Fig. 3. lane V) and quantitated (Table
1). Accordingly, the average virion should contain L: NP: GP-1 : GP-2: Z in a ratio
of approximately 30:1500:650:650:450 copies. This indicates that the pl1 Z gene
product is nearly as abundant in the virion as the envelope glycoproteins. The
equimolar proportions of GP-l and GP-2 agree with the findings of Vezza et al.
(1977) and Bruns and Lehmann-Grube (1983).

Detergent treatment of LCM virions with Triton X-114 indicates that pl Z
partitions entirely into the hydrophobic, detergent-rich phase (Fig. 3). This result is
corroborated by Fig. 1 in the paper by Burns and Buchmeier (1991), although the
band for pll Z is barely dctectablc duc to the usc of 33S-hydrolysae (mostly
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methionine) for metabolic labeling. In contrast with Bums and Buchmeier, who
show GP-2 only in the hydrophobic detergent-rich phase, we repeatedly find that
GP-2 is distributed between both hydrophobic and aqueous phases. This may
indicate differences in the virus isolates used (LCM Arm 53b lacks a GP-I
glycosylation found in the LCM Arm 4 isolate used by Burns and Buchmeier
(Wright et al., 1989)), or a difference in the Triton X-114. Although hydrophobic
partitioning is one criterion for integral membrane proteins, we cannot conclude
that the Z protein is an integral membrane protein from this data because the p 1
sequence contains only one hydrophobic region of 11 residues adjacent to its
carboxyl terminus, and 15 hydrophobic residues are usually needed to span a lipid
bilayer. On the other hand, several proteins with charged transmembrane regions
have been described (Popot and Engelman, 1990) in which the charged residues
are neutralized by interaction with other regions of the protein or with other
proteins. Thus, additional information is needed before the relationship between
the p11 Z protein and the virion envelope is determined.

The interaction of the LCMV Z protein with other virion components was
investigated by mild crosslinking of virus particles with the bifunctional agent
DMS. A 75-kDa product appeared upon crosslinking that is consistent with a
combined NP (63 kDa) and Z (11 kDa) linkage. The fact that it appears in Western
blots (Fig. 4) after incubation with both anti-Z serum and anti-NP serum further
indicates that the 75 kDa product contains both NP and Z antigens. Crosslinking
was not evident between Z and the envelope glycoproteins (U. Bums. unpublished);
so the Z gene product is most closely associated with the nucleocapsid protein of
the virion core. Transcription complexes of LCMV-infected BHK cells also contain
the pl I Z gene product (M. Salvato, unpublished), but this association has neither
been quantitated nor linked to a necessary function of p11 Z.

Implications for the function of the p] I Z gene product

Five functional categories have been identified for the proteins of negative-
strand RNA viruses (NP, NS/P, M, GP, and L; see Introduction). NP, GP and L
proteins have been identified for LCMV; so, by default, the pl I Z protein is likely
to be an NS/P protein, an M protein, or both. NS/P proteins are transcription
factors, which in the case of the vesicular stomatis virus (VSV) NS protein involves
the ability to bind both the nucleocapsid protein and the RNA polymerase
(Emerson and Schubert, 1987). The NS protein of VSV requires phosphorylation
for function in transcription (Banerjee et al., 1987). Although the p1l Z protein
binds a component of the transcription machinery (NP), no role in transcription
has yet been demonstrated for p 11. LCMV purified from 12P-labeled cells contains
phosphorylated p11 Z protein (Sal'ato, unpublished), but the relevance of this'to
function is unknown.

M proteins in other negative strand RNA viruses mediate assembly, are hy-
drophobic in nature, and inhibit viral transcription (Ye et al., 1985; Weiner, et al.,
1985; Ogden et al.. 1986; Hull et al., 1988; Faaberg and Peeples, 1988; Li et al.,
i989; Ye et al., 1989). The pll Z protein is hydrophobic in nature, but the



relevance of this feature has not yet been corroborated by functional assays.
Before the discovery of p1l Z it was believed that LCMV had no matrix protein
(Bishop, 1990). When the LCMV Z gene sequence was first discovered, we
speculated on the possible connection between its zinc-binding domain and a
transcription factor function (Salvato and Shimomaye, 1989), and failed to ac-
knowlcdge examples of proteins with zinc-binding motifs involved in virus assem-
bly: the RNA-packaging nucleocapsid protein of retroviruses (Gorelick et al., 1988;
Green and Berg, 1989), the influenza MI protein (Wakefield and Brownlee, 1989),
and the tobacco streak virus nucleocapsid protein (Sehnke et al., 1989). Recent
evidencc for crosslinking directly between the GP-2 envelope glycoprotein and NP
(Burns and Buchmeier, 1991) supports the view that LCMV may not need an M
protein to mediate the association of cores with envelopes.

Both the p1l Z gene product of LCMV, and p1l of the related arenavirus
Tacaribc, have a conserved zinc-finger motif of two cysteines and two histidines
(C2-H 2 ) similar to transcription factor lilA (Miller et al., 1985). In addition, an
overlapping metal-binding motif, C 2 -C 2 , is also conserved in both the LCMV and
Tacaribc pl I gene products. Spectroscopic and NMR studies of synthetic pept-des
indicaic that the C 2-H 2 structure coordinates a zinc atom between an antipzrallel
0-sheet and a short a-helix (Lee et al., 1989), whereas the C2-C 2 structure hAas j.

8-sheet and an a-helix that extends beyond the C-terminus of the zinc coordinat-
ing residues (Schwabe et al., 1990). A protein with overlapping zinc-coordinating
motifs could alternate conformation depending on which residues coordinate the
zinc atom. The possibility of two alternate structures of the p 1 protein provides a
basis for alternate functions of tOis protein. The function(s) of the Z protein will
eventually be defined by its activity in transcription assays and by the nature of its
involvement in the transcription of a synthetic recombinant LCMV template.
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Summary

To avoid extensive manipulation for the purification of RNA from cells, several
methods were evaluated for the direct release of RNA from influenza virus
infected cells and supernatants using slot blot hybridization and non-radioactive
probes. Treatment with an equal volume of 10 M aqueous guanidine hydrochloride
produced the best hybridization signal. Less, but significant amounts of RNA were
also released using the following treatments: dilute alkali (final concentration of
0.16 M NaOH) or 100*C/5 min or RNA sample buffer containing formamide/
formaldehyde, then heating at 65°C/10 min. Despite the presence of large amounts
of cell debris, RNA from guanidine hydrochloride treated whole cell extracts
bound quantitatively to the positively charged nylon membranes. The sensitivity of
RNA detection when whole cell extracts treated with guanidine hydrochloride
were probed with a digoxigenin labelled cDNA probe was similar to the detection
of RNA in highly purified, protein free samples. Three positively chakged mem-
branes were tested (from Amersham. ICN znd Boehringer Mannheim) using two
alkaline phosphatase substrates, NBT-X phos, and a chemiluminescent substrate,
3-(2 '-spiroadamantane)-4-methoxy-4-(3 '-phosphoyloxy)-phenyl- 1-1,2-dioextane
(AMPPD) 3nd a peroxidase substrate, tetramethylbenzidine (TMB). The
Boehringer Mannheim membrane had the highest sensitivity for the alkaline
phosphatase substrates, but the peroxidase reaction with the TMB substrate was
the most consistently sensitive, irrespective of which membrane was used. -The
ability to quantitatively detect RNA from whole cells without any purification will
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I. INTRODUCTION

The members of the Arenaviridas are characterized by

spherical to pleomorphic particles, 50-300 nm in diameter, with

club-shaped projections extending outward 5-10 nm from the virion

surface. The viral genome contains two segments of single

stranded RNA transcribed in an ambisense manner. Each of the

genome segments, designated L and 8, encode two primary

translation products which in most casew give rise to a total of

five structural proteins. The prototype arenavirus, lymphocytic

choriomeningitis virus (LCMV) contains a 200 kDa polymerase, L, a

nucleocapsid protein, NP (63 kDa), two structural glycoproteins,

GP-1 (44 kDa) and GP-2 (35 kDa) which are derived by cleavage of

the glycoprotein precursor, GP-C (70-75 kDa) and an 11-14 kDa

nonglycosylated protein, Z, of unknown function. Equivalent

proteins have been reported for most of the other arenaviruses.

The arenaviruses are divided for taxonomic purposes anto two

categories, the Old World complex (e.g., LCM, Lassa, Mozambique)

and the New World, Tacaribe complex (e.g., Tacaribe, Junin,

Machupo) based on the geographic location in which they were

isolated. Serologic cross-reactivity is greatest among members

of a complex, and to a lesser extent between complexes(Howard and

Simpson, 1930; Buchmeier et al, 1982; Weber and Buchneier, 1988).

Proteolytic digestion of purified PIC, TAC or LCM virions

resulted in "bald" or spikeless particles which had lost their

structural glycoproteins, thus identifying the glycoproteins as

the structural components of the spikes (Vezza et al., 1977; Gard

et al., 1977; Buchmaier et al., 1978). Further- oharacterization

of the arenavirus glycoproteins has established them as major
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targets of host immune responses. Serologic analyses have

demonstrated that neutralizing antibodies are elicited only

against the glycoproteins (Buchmeier et al., 1982; Bruns et al.,

1983b; Howard et al., 1985; Parekh and Buchmeier, 1986; Ruo et

al., 1991). Evaluation of the cellular immune response has

identified epitopes for murine cytotoxic T-lymphocytes (CTL) on

both of the structural glycoproteins (Whitton et al., 1988a,

1988b). Further, in conjunction with the various components of

the immune response, the expression of the arenavirus

glycoproteins (or the lack thereof) may play a major role in

viral pathogenesis and persistence. These and other aspects of

the glycoproteins of the arenaviruses will be the subject of this

review.

II. GLYCOPROTEIN EXPRESSION AND PROCESSING

The arenavirus genome encodes only a single translation

product which becomes glycosylated, the precursor glycoprotein,

GP-C. GP-C is encoded in the message sense on the S RNA segment,

while the nucleocapsid protein, NP, is encoded in the anti

message sense on S (Harnish et al., 1983; Riviere et al., 1985).

Despite the message polarity of GP-C, because of the replication

strategy of the ambisense genome NP mRNA is transcribed and

tra~islated prior to GPC gene expression. This regulatory process

may play a major role in the establishment of arenavirus

persistent infections (discussed below).

The LrCMV GP-C open reading frame encodes 498 amino acids,

including a 58-amino acid leader sequence. The GP-C precursor

3



has an apparent molecular weight of 70-80,000 kDa in its

glycosylated form (see Table 1). Analyses of the LAS, LCM, PIC

and TAC GP-C genes indicate they contain 8 to 16 potential N-

linked glycosylation sites (Auperin et al., 1984, 1986; Franze-

Fernandez et al., 1987, Southern et al., 1987; Wright et al.,

1989). Wright et al. (1989) demonstrated that 8 of 9 potential

N-linked glycosylation sites are utilized for LCMV. Harnish et

al. (1981) estimated that up to 47% of the apparent molecular

weight of PIC GP-C may be due to carbohydrate. Using

radiolabelled sugars, it was demonstrated that both LCM and TAC

GP-C initially contained only high mannose residues which were

subsequently converted to complex carbohydrates (Buchmeier and

Oldstone, 1979; Boersma et al., 1982). Further, it was

determined that GP-l contained glucosamine, fucose and galactose

while GP-2 contained predominantly glucosamine and fucose. These

findings were substantiated using a series of drugs that inhibit

sequential steps in the processing of N-linked sugars,

conclusively establishing that GP-C utilizes the cellular

secretory pathway for its processing (Wright et al., 1990). In

these experiments inhibition of glycosylation by tunicamycin

resulted in blockage of glycoprotein processing and transport and

failure to produce virions. Other inhibitors such as

castantospermine, which allowed en bloc addition of the mannose-

rich precursor chain, permitted processing transport and virion

maturation. The Tacaribe glycoproteins reportedly also contain

glucosamine, galactose, mannose, as well as terminal sialic acid

residues (Boersma et al,, 1982). Clearly the carbohydrate

content reflects that of the host cell. We are not aware of
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TABLE 1. Arenavirva Glycoproteins

Virus Non-structural Struutural Reference

LCM 74-75 kDa 44, 35 kDa Buchmeier &
Oldstone, 1979

LCM ND 130,85,60, Bruns et al.,
44,35 kDa 1983b

PIC ND 64,38 kDa Vezza et al., 1977

PIC 79 kDa 52,36 kDa Harnish et al., 1981

JUN ND 91,72,52, M. Segovia &
38 kDa DeMitri, 1977

JUN ND 44, 34- Grau et al., 1981
39 kDa

LAS 84 or 115 kDa 52,39 kDa Kiley et al., 1981

LAS 72 kDA 45,38 kDaa Clegg & Lloyd, 1983

MAC ND 50,41 kDa Gangemi et al., 1978

MOB ND 48,37 kDa Gonzalez et
al., 1984

MOP ND 48,35 kDa Gonzalez et
al., 1984

MOZ ND 52, 39 kDa Kiley et al., 1981

TAC 70 kDa 42 Y.Da Gard et al., 1977
Saleh et al., 1979

TAM ND 44 kDa Gard et al., 1977

ND - not described; kDa - kilodalton
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reports describii.g the sulfation or phosphorylation of arenavirus

glycoproteins. A single report describes the palmitylation of

the LCM structural glycoproteins gp60 and gp130, reportedly a

dimer of gp60 (Bruns and Lehmann-Grube, 1983), however

subsequently the entire LCM genome has been sequenced and there

does not appear to be an open reading frame corresponding to

gp60.

The kinetics of viral glycoprotein synthesis has been

examined, at various multiplicities of infection (MOI), with LCM,

PIC and TAC. In cells acutely infected with LCM, NP expression

was first observed at approximately 6 hours post-infection (p.i.)

while GP-C expression was readily detectable at 24-48 hours p.i.

at an M.O.I. of 1.0 (Buchmeier et al., 1978). Similar findings

were reported for PIC with the exception that GP-C was detectable

at 12 hours p.i. at high MOI infection (MOI 50), but not at lower

MOIs (MOI 0.1; Harnish et al., 1981). In TAC infected cells NP

was observed at 24-34 hours, increasing until 43 hours p.i. TAC

GP-C was detected by 48 hours and increased until 60 hours p.i.

(Saleh et al., 1979).

Several studies have examined the cleavage of the arenavirus

glycoprotein precursor. Pulse-chaso studies with LCM and PIC

have demonstrated that GP-C is cleaved approximately 75-90

minutes after synthesis, resulting in the appearance of the two

structural glycoproteins, GP-1/Gl and GP-2/G2 (Harnish et al.,

1981; Wright et al., 1990). It appears that cleavage of LCM GP-C

is a two-step process (Figure 1). Recent experiments in this

laboratory have ahown that GP-C of LCMV, TAC and PIC all contain

a long (58 amino acid) signal sequence, which is likely conserved
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among all of tha arenaviruses. This signal peptide is cleaved at

a conserved signal peptidase site and removed prior to

glycoprotein transport from the endoplasmic reticulum. We find

no evidence that the long signal is incorporated into virions

(Burns et al, manuscript in preparation). This finding is

especially interesting since a CTL epitope has been mapped to the

cleaved signal sequence (amino acids 34-43; Klavinskis et al.,

1990) and thus constitutes the first reported CTL epitope

contained within a signal sequence.

Cleavage of GP-C to form GP-l and GP-2 occurs later in the

secretory pathway, between the medial and the trans-Golgi

network (Wright et al., 1990). Using synthetic peptides the

second GP-C cleavage site has been localized to a stretch of nine

amino acids which span the dibasic residues -Arg-Arg- at amino

acids 262-263 (Buchmeier et al., 1987). Immune precipitation

using antisera raised to synthetic peptides corresponding to LCM

GP-C amino acids 59-79 and 378-391 allowed the mapping of GP-l

and GP-2 to the amino- and carboxy-terminal regions of GP-C

(Buchmeier et al., 1987) These findings have been substantiated

by amino-terminal sequence analysis of GP-1 and GP-2 which

established that the amino terminus of GP-l was met-59 and of GP-

2 was gly-266 (Burns et al., unpublished data).

It is probable that the GP-C cleavage event is mediated by a

golgi-associated furin-like protease acting at or following the

dibasic residues, which are conserved among most arenaviruses

(Figure 2). Amino-terminal sequencing of the structural

glycoproteins of PIC and TAC indicates that equivalent cleavage

events ,ccur in both viruses (Burns et al., manuscript in
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preparation). Similar cleavage events are therefore likely in

other members of the arenavirus family.

Cleavage of GP-C to yield GP-1 and GP-2 has been shown to

require prior glycosylation (Wright et al., 1989). In the

presence of tunicamycin, an inhibitor of N-linked glycosylation,

both LCM and PIC produced an unglycosylated form of GP-C but

cleavage was not observed (Harnish et al., 1981; Wright et al.,

1990). Further, GP-C cloned into a baculovirus vector and

expressed in Spodoptera cells was not cleaved, presumably due to

the lack of proper glycosylation and processing in the insect

cells (Matsuura et al., 1986).

III. STRUCTURE AND ORGANIZATION OF THE GLYCOPROTEIN SPIKE

The arenavirus particle, visualized by electron microscopy,

contains surface projections (spikes) that are reportedly 5-10 nm

in length with a "club-shaped appearance (Murphy et al., 1970;

Murphy and Whitfield, 1975; Young et al., 1981) (Figure 3).

These spikes are closely spaced, but appear to be mobile in the

viral membrane since osmotic swelling of the virion causes the

spikes to become more widely spaced. When viewed "end on" at

higher magnification, the spikes appear to have a hollow central

axis, suggesting a macromolecular organization of multiple

polypeptide chains (Murphy and Whitfield, 1975; Young et al.,

1981). The arenavirus spike has been studied in detail and

models have been proposed to explain its structure (Bruns and

Lehmann-Grube, 1983; Young, 1987; Burns and Buchmeier, 1991;

Burns et al., manuscript in preparation).

The composition of the arenavirus spike has been established
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by treating purified PIC, TAC and LCM virions with proteases.

The resulting spike-less particles had lost their glycoproteins

while the other structural proteins were unaffected by

proteolysis (Vezza et al., 1977; Gard et al., 1977; Buchmeier et

al., 1978). Quantitation of the molar ratios of the structural

proteins of PIC demonstrated that equal numbers of Gi and G2

molecules were present in the virion (Vezza et al., 1977). Equal

amounts of GP-1 and GP-2 were also found to be present in LCM

particles (Bruns et al., 1983a).

Surface iodination of LCM-infected cells or virions resulted

in incorporation of the label into GP-1, while GP-2 was labelled

poorly or not at all (Buchmeier and Oldstone, 1979; Bruns et al.,

1983b). These results suggested that GP-l was more externally

exposed than was GP-2, but must be qualified since only exposed

tyrosine residues would be expected to label under the conditions

used. Direct support for this conclusion was provided by

experiment in which LCM virions were extracted using Triton X-

114, which has been used to distinguish peripheral from integral

membrane proteins (Bordier et al., 1981). The results of these

experiments demonstrated that GP-l and GP-2 were peripheral and

integral membrane glycoproteins respectively (Burns and

Buchneier, 1991). The membrane spanning domain of GP-2 has been

established by amino-terminal sequencing of a polypeptide

fragment protected by the membrane from proteolysis. The GP-2

membrane spanning hydrcphobic domain begins with amino acid 439

and extends for eighteen residues, however a longer fragment

beginning with GlY4 3 0 is protected from proteolysis in the virion

envelope (Burns et al., 1991, manuscript in preparation). The C-
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terminal end of GP 2 is highly charged; five of the 12 C terminal

residues are Lys or Arg. It is likely that the cross linking

interactions which we have observed between NP and GP-2 involve

these basic residues (Burns and Buchmeier, 1991). These findings

have firmly established the integral membrane nature of GP-2 and

its orientation in the viral envelope.

The macromolecular organization of the structural

glycoprotein complexes of LCM has been examined using detergents

and cross-linking reagents. Solubilization of LCM virions at 4C

with SDS, CHAPS or Triton X-100 in the absence of reducing agents

caused the released of oligomeric structures consisting of GP-l

homo-polymers in complexes as large as homotetramers (Wright et

al., 1989; Burns and Buchmeier, 1991). Further characterization

using membrane impermeable cross-linking reagents (DTSSP and

Sulfo-DST) demonstrated that both GP-1 and GP-2 were assembled in

separate homotetrameric complexes. The results varied when a

membrane permeable crosslinker was used. Hetero-oligomeric

complexes of GP-2 crosslinked with NP were observed following

crosslinking with the membrane permeable crosslinking reagent DMS

(Burns and Buchmeier, 1991). Taken together these results

demonstrated that GP-1 and GP-2 form separate homotetrameric

complexes which are located outside the envelope. Within the

viral envelope, GP-2 was crosslinked with NP, indicating that the

cytoplasmic tail of GP-2 may interact with NP, a part of the

ribonucleoprotein complex. The possibility that GP-2 and NP were

associated within the virion had been proposed and and it was

suggested this association may play a critical role in budding of
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the virion (Dubois-Dalcq et al., 1984; Compans and Bishop, 1985).

The native conformation of both GP-1 and GP-2 has been

investigated in the course of studies to establish the structure

of the virion spike. Disulfide bonding is essential in

maintaining the native conformation of GP-l (Wright et al., 1989;

Burns and Buchmeier, 1991). Neutralizing anti-LCM monoclonal

antibodies (MAbs) failed to react with reduced virions (Wright et

al., 1989). Likewise, polyclonal guinea pig and human anti-Lassa

antisera failed to react with the reduced form of G1 in

immunoblots (Clegg and Lloyd, 1983).

Computer prediction of the likely secondary of

LAS GP-2 identified a domain likely to assume a coiled-coil

conformation (Chambers et al., 1990). Comparison of this region

of LAS GP-2 with other arenaviruses for which sequence is

available indicates they all share a similar haptad repeat region

approximately 50 amino acids long (Figure 4), suggesting that a

coiled-coil "stalk" domain is common to the GP-2 molecules of all

arenaviruses. Such a structure would be consistent with the

club- or T-shaped spike seen in electron micrographs.

Cumulatively, these data suggest that the 233-amino acid GP-2:

1) forms a homotetrameric complex, 2) contains a coiled-coil

domain which assumes an elongated conformation, 3) has a 164-

amino acid ectodomain and a 69-amino acid endodomain, 4) is

anchored in the membrane by a hydrophobic stretch of 20-25

hydrophobic amino acids near the amino torminus of the carboxy-

terminal endodomain, and 5) has a charged cytoplasmic tail

through which it can interact with NP, a component of the

ribonucleoprotein c, ?.:Lex.
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Recently we began to address the nature of the interaction

between GP-l and GP-2. We have observed that GP-l (Gi) of LCH,

Pichinde and Tacaribe viruses are eluted from the virion by

incubation in 1M NaCi or LiCl (Burns et al., manuscript in

preparation). Preliminary cryo-eleotron microscopic analyses of

these self-stripped virions suggest that the club-shaped

component of the spike has been lost. This observation suggests

that GP-1 forms the club-chaped head of the glycoprotein spike

and is associated via ionic interactions with the tetrameric GP-2

stalk.

Of further interest is the finding that a portion of the TAC

"G" protein band is recovered in the same location in sucrose

gradients that PIC G1 and LCM GP-1 are found. N-terminal

sequencing of TAC "G" protein resulted in a mixture of two amino

acids in each of five cycles of Edman degradation which exactly

correlated with the predicted amino termini of TAC GP-l and GP-2.

Thus it appears that the two structural glycoproteins of TAC co-

migrate in SDS polyacrylamide gel electrophoresis.

IV. HOST IMMUNE RESPONSES

Pathogenesis associated with acute LCM virus infection is

characterized by a vigorous T-cell mediated immune response

against the virus. Indeed, it is this T-cell response directed

against viral antigens which characterizes lethal acute LCM

disease; if the response is suppressed by cyclophosphamide or

gamma irradiation, little acute pathology is evident (Buchmeier

et al., 1980). The evidence for immunopathologic disease with

other nembers of the arenavirus family is not as well documented,
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but the host immune response is likely to play an important role

in these diseases as well. As a result of these observations,

the host immune response to arenavirus infection has been

investigated extensively. Numerous studies have demonstrated

that the viral nucleocapsid protein and glycoproteins serve as

major targets of immune recognition at the cellular and humoral

levels (see Klavinskis et al., this volume).

The cytotoxic T lymphocyte (CTL) response to LCM infection

has been well characterized. Using reassortant viruses, CTL

activity was mapped to the S RNA segment of LCMV (Oldstone et

al., 1985; Rivisre et al., 1986). Further characterization of

LCM-specific CTL- lead to the identification of CTL epitopes on

both the nucleoprotein and glycoprotein compenents of the virion

(Whitton et al., 1988a, 1988b, 1989). The recognition of

individual epitopes was shown to be MHC haplotype specific. A

detailed analysis of CTL recognition in C57BL/6 mice (H-2b)

demonstrated the existence of two glycoprotein epitopes, one in

GP-l (now believed tu be located in the signal sequence, see

above) and one in GP-2 (Whitton et al., 1908a). These two

glycoprotein epitepes were engineered into recombinant vaccinia

viruses and expressed as "minigenes". Tissue culture cells

infected with either recombinant virus was recognized by cognate

CTLs, but only one construction, representing GP-C amino acids

34-43, was able to induce protection from lethal virus challenge

(Klavinskis et al., 1990).

Specificity of the h'mmoral immune response to arenavirus

infections has been examined primarIly by analysis of monoclonal
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antibody (MAb) reactivity. Hybridoma cell lines secreting

monoclonal antibodies have been generated to LCM, JUN, PIC, LAS

and MOP (Buchmeier et al., 1981, 1982; Bruns et al., 1983a:

Howard et al., 1985; Parekh and Buchneier, 1986; Sanchez et al.,

1989; Ruo et al., 1991). The antigenic topography of the LCM

glycoproteins was mapped using MAbs. It was determined there

were two epitopes capable of eliciting neutralizing antibodies,

both located on GP-l (Parekh and Buchmeier, 1986). Competitive

binding assays, using these neutralizing MAbs against hyperimnune

sera demonstrated that guinea pigs responded predominantly to one

of these two neutralization epitopes while a battery of rat anti-

LCMV neutralizing MAbs recognized only the second epitope (Parekh

and Buchmeier, 1986). Two neutralization epitopes were also

identified on the TAC glycoprotein by competitive binding and

neutralization kinetics assays. Analysis of the kinetics of

neutralization of TAC by MAb provided evidence of multi-hit

neutralization kinetics (Howard et al., 1985; Howard, 1987).

To assess the role of antiviral antibody in acute LCM

infection, passive protection models were investigated. Anti-

glycoprotein MAbs administered passively, either before or after

intra-cerebral virus challenge, protected mice from subsequent

CNS disease. In contrast, passive administration of anti-NP or

anti-GP-2 MAbs had no effect on the outcome oa infection (Wright

and Buchmeier, 1991). Likewise, mouse pups which had received

maternally-derived anti-GPl antibodies were protected from lethal

challenge (Baldridge Nnd Buchmeier, 1991, submitted). In

all cases, mice which received protective levels of MAb prior to

challenge had rc'ilced CTL responses and less severe acute disease
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than their unprotected cohorts. It was proposed that the

presence of anti-glycoprotein antibodies limited the degree of T-

cell-mediated immunopathology (Wright and Buchmeier, 1991).

The nature of a protective immune response in other

arenavirus infections is less clear. Little is known concerning

the CTL response to arenavirus infections other than LCM. In

fatal cases of Lassa fever in humans, virus titer correlates well

with prognosis; patients with high viremia have lower probability

of survival than those with low levels (Johnson et al., 1987;

Fisher-Hoch and McCormick, 1987). Neutralizing antiserum to PIC

or LAS was shown to either block or enhance virus infectivity in

a concentration-dependent manner with the U937 monocyte cell line

(Lewis et al., 1988). Neutralizing antibodies can be detected in

the acute phase of JUN and MAC infections (Webb et al., 1969;

Howard, 1987). The use of convalescent phase sera has led to

mixed results with human cases of Lassa fever, but has been used

successfully with Argentine hemorrhagic fever (reviewed in

Fischer-Hoch and McCormick, 1987) These antibodies may play a

role in virus clearance, the establishment of persistent

infection, or the selection of viral variants that are resistant

to neutralization (Webb at al., 1969; Howard, 1987; Alche and

Coto, 1988).

Clearly, there is much to be learned concerning the host

immune response during various arenavirus infections. Not all

lessons learned with the LCM infected mouse model can be

extrapolated to other arenavirus infections and particularly

those of humans. Future studies should provide a clearer
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picture. The development of successful vaccines and prophylactic

therapies will depend heavily on these data.

V. ROLE OF THE GLYCOPROTEINS IN IMMUNOPATHOLOGY

AND PERSISTENiC INFECTIONS

Arenaviruses typically induce either acute or life-long

persistent infections. This dichotomy is seen both in vivo and

in vitro (Welsh and Oldstone, 1977; Welsh and Buchmeier, 1979;

Oldstone and Buchmeicr, 1982; D'Aiutolo and Coto, 1986). Factors

which determine the outcome of arenavirus infections include

route of inoculation, immunologic status of the host, age of the

host and virus strain (for review see Buchmeier et al., 1980;

Buchioeier and Knobler, 1984; Southern et al., 1986). Recently it

has been demonstrated that the presence or absence of pre-

existing anti-glycoprotein antibody may also play a role in the

establishment of infection (Wright and Buchmeier, 1991; Baldridge

and Buchmeier, 1991, unpublished data).

In the immunocompetent adult mouse, the outcome of acute

intracerebral LCMV infection is either viral clearance with the

development of protective immunity or fatal central nervous

system (CNS) disease. The results of numerous studies strongly

demonstrate the importance of CTLs in the course of acute LCM

infection and the development of fatal CNS disease (reviewed in

Allan et al., 1987). Adult immunosuppressed mice do not respond

to LCM infection, fail to develop fatal CNS disease, and become

persistently infected. Adoptive transfer of splenocytes from

immune mice into such persistently infected mice may result in

the development of fatal CNS disease (Gilden et al., 1972). In
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contrast, virus infection in neonatally infected carrier mice is

usually cleared following adoptive transfer of immune T cells.

When analyzed at the cellular level in H-2b mice, it was

demonstrated that CTLs were responsible for clearance (Ahmed,

1988). Whitton and co-workers demonstrated that the vast

majority of CTLs in H-2b mice are reactive towards the

glycoproteins (1988a; see above). It is likely that these

glycoprotein reactive CTLs play a significant role in acute CNS

disease. This conclusion is supported by the finding that the

LCM glycoproteins, but not the nucleocapsid protein, is expressed

on the surface of choroid, meningeal and ependymal cells from

several strains of LCM infected mice (Oldstone and Buchmeier,

1982), targeting these cells for cytolysis by specific CTLs.

The establishment of persistent arenavirus infections has

been carefully examined in animal and tissue culture systems. A

major feature of the persistent infection is an apparent down-

regulation of the expression of the viral glycoproteins (Welsh

and Oldstone, 1977; Welsh and Buchmeier, 1979; Oldstone and

Buchmeier, 1982). This decreased level of glycoprotein

expression may allow persistently infected cells to escape immune

surveillance (Oldstone and Buchmeier, 1982), although

persistently infected animals mount specific antibody responses

to both the viral nucleocapsid protein and the glycoproteins

(Buchmeier and Oldstone, 1978; Oldstone et al., 1983). The

antibody produced is largely IgG-1 subclass and does not

neutralize virus efficiently Jn vitro.

Defective interfering (DI) virus is rapidly generated during
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acute infection and has been implicated in the establishment of

persistence with LCM and TAC (Welsh and Pfau, 1972; Welsh et al.,

1972; Popescu and Lehmann-Grube, 1977; Dutko and Pfau, 1978;

Welsh and Buchmeier, 1979; D'Aiutolo and Coto, 1986). DI virus

has been characterized at both the nucleic acid and structural

protein levels. No direct correlation could be made between the

appearance of subgenomic viral RNAs or an under-representation of

genome segments in DI virions (Francis and Southern, 1988). In

comparing DI with standard LCM virions, Welsh :nd Buchmeier found

a slight difference in bouyant density but no difference in

structural protein composition (1979). In contrast, Martinez

Peralta and colleagues reported that DI LCM virions lacked the S

RNA segment (23 S RNA) and contained a novel 65 kDa glycoprotein

instead of GP-1 and GP-2 (1981). These findings must be viewed

with caution as their virus contained the 63 kDa nucleocapsid

protein which is also encoded on the 23 S genomic segment.

Recently it has been reported by this laboratory that the 65 kDa

glycoprotein is actually a product of the S genomic segment and

arises from the generation of a truncated form of the GP-C mRNA

which when translated yields the 65 KDa glycoprotein (Bruns et

al., 1990). Further experimentation is needed to reconcile these

data.

Several vaccinia virus recombinants, containing arenavirus

glycoprotein gene segments, have been recently reported (Fisher-

,!och et al., 1989; Morrison et al., 1989; Klavinskis et al.,

1990). These potential vaccines reportedly generate antibody

and/or CTL responses which protect vaccinees froum subsequent live

arenavirus challenge. In contrast Oehen and co-workers (1991)
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report that a recombinant vaccinia virus of similar construction

may in fact aggravate a subsequent arenavirus infection when used

as a vaccine. The possible selection of resistant virus variants

and differential responses with MHC haplotype variation must also

be kept in mind when evaluating such potential vaccines (Alche

and Coto, 1988; Klavinskis et al., 1990; Pircher et al., 1990).

This is especially true when only a fragment of the glycoprotein

gene will be included in the recombinant vector. The

interactions between the immune system and the infected host are

quite nomplex, but further studies of the immune responses to

recombinant vaccines should provide us with a better foundation

from which to design vaccine strategies.

VI. CONCLUSIONS

Emerging evidence suggests that all members of the

arenavirus family contain two structural glycoproteins, derived

from a single glycoprotein precursor. Sequence data from an

increasing number of arenaviruses has consistently demonstrated

the ambisense nature of the S genome segment, encoding the

glycoprotein precursor GP-C and nucleoprotein (NP) genes (Auperin

et al., 1984, 1986; Romanowski and Bishop, 1985; Franze-Fernandez

et al., 1987; Southern et al., 1987; Salvato et al., 1988;

Auperin and McCormick, 1989; Wilson and Clegg, 1991). Comparison

of deduced amino acid sequences predicted for the varying GP-C

molecules indicates that several features of the GP-C structure

are conserved among the arenaviruses. These include a long (ca.

58 amino acid) cleaved signal sequence at the amino-terminus, a
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second cleavage site near a paired basic amino acid site at the

middle of the GP-C ORF, and a highly hydrophobic transmembrane

spanning domain near the carboxy-terminus. Moreover,

observations from this laboratory have shown that GP-1, the

amino-terminal cleavage fragment, is a peripheral membrane

protein, whilnt GP-2 is an integral membrane protein, anchored in

the viral envelope by the hydrophobic membrane spanning domain

and a cytoplasmic tail near its carboxy-terminus. Identification

of a second structural glycoprotein in JUN .And TAC (Grau et al.,

1981; Burns et al., manuscript in preparation), both previously

reported as containing only one structural glycoprotein, further

support the conclusion that arenavirus particles contain two

structural glycoproteins.

The early electron microscopic analyses reported that the

arenaviruses were morphologically indistinguishable particles

containing similar club-shaped surface projections, 6-10 nm in

length (Murphy et al., 1970; Murphy and Whitfield, 1975; Young et

al., 1981). The surface projections were shown early on to be

composed of the structural glycoproteins. We have recently

provided evidence that the two LCM glycoproteins each form homo-

oligomeric structures, presumably tetramers (Wright et al., 1989;

Burns and Buchmeier, 1991). Based on further characterization,

we have proposed a schematic model of the LCM spike structure

which we believe to be composed of an oligomeric GP-2 stalk

component which interacts via ionic interactions with an

oligomeric head assembly composed of GP-1. We have extended some

of our analyses to both PIC and TAC and have obtained consistent

results. Therefore, it is our belief that the structure of this
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glycoprotein spike structure may be common to all members of the

Arenaviridae, in agreement with the previous studies using

electron microscopy. Assuming these conclusions prove accurate,

attempts at X-ray crystallography of the spike and its individual

glycoprotein components can begin in earnest. The determination

of the three-dimensional structure of the glycoprotein spike will

provide invaluable insight for future studies on the role of the

glycoproteins in the biology of the virus and the host immune

response.

Study of the murine-LCMV infsction model has proven to be

extremely productive in increasing our understanding of virus-

host interactions. Recent observations concerning the in vivo

generation of CTL resistant variant virus (Pircher et al., 1990),

novel mechanisms of viral clearance in the CNS (Oldstone et al.,

1986) and the characterization of the mechanism of CTL killing

(Welsh et al., 1990) are but a few examples of the far-reaching

utility of this model system in furthering our knowledge. As the

viral glycoproteins have been repeatedly implicated as playing

key roles in regards to immune recognition, the initiation of

infection, viral maturation, persistence and as components of

potential vaccine strategies, the continued study of these

molecules will certainly provide us with a plethora of important

observations.
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FIGURE CAPTIONS

Figure 1. Structure of the proteolytic sites of the GP-C

precursor glycoprotein. Topographical markers indicating signal

sequence (ss), amino terminal GP-1 and carboxy terminal GP-2, and

hydrophobic transmembrane spanning domains (tm) are shown above

and structure of the cleavage sites of signal peptidase after

amino acid 58 and a golgi-associated protease after amino acid

265 are indicated by bold arrows. N-terminal sequences of GP-1

and GP-2 as confirmed by microsequencing are underlined.

Figure 2. Sequencing indicates a high degree of conservation of

GP-C cleavage sites among several Old World and New World

arenaviruses. Sequences are aligned at the signal peptide-GP-l

junction and the GP-l:GP-2 junction. Underlined sequences have

been determined experimentally.

Figure 3. Electron microscopy of lymphocytic choriomeningitis

virions. Panel A: Thin section showing virions budding from

infected BHK-21 cells. Typical 110 nm virions containing

numerous electron dense 20 nm particles are evident. Panels B,

C: Cryoelectron microscopy of unstained, purified LCM virions at

1.5 u (B) and 3.0 u (C) defocus levels. In Panel B the lipid

bilayer is emphasized (arrow) and in the right panel the surface

topography is more evident. Glycoprotein spikes are indicated by

arrows. Magnification of Panel B and C is 167,100x and the inset

is 232,750x. Bars are 1000A.

Figure 4. Proposed working model of the LCMV glycoprotein spike.
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The disulfide linked GP-1 homotetramer forms the crossmember

component of the spike which is associated via ionic interactions

with the N-terminal portion of the Gp-2 transmembrane protein.

The spike is anchored in the membrane by an 18-amino acid

hydrophobic domain and the C-terminal internal (cytoplasmic) tail

may associate with the ribonucleoprotein complex within the

virion.
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Arenaviruses share a common strategy for glycoprotein synthesis and processing in which a mannose.rich
precursor glycoprotein, termed GP-C in lymphocytic chorlomeningitis virus (LCMV), Is posttranslationally
processed by oligosaccharidc trimming and proteolytic cleavage to yield two structural glycoproteins, GP-I and
GP-2. Mapping the orientation and proteolytic cleavage site(s) in such polyproteins has traditionally required
direct protein sequencing of one or more of the cleaved prodncts. This technique requires rigorous purification
of the products for sequencing and may be complicated by amino-terminal modifications which interfere with
sequence analysis. We used an alternative approach in which synthetic peptides corresponding to sequences
bracketing a potential protease cleavage site were used to raise antisera which define the boundaries of the
cleaved products. We found that cleavage of LCMV GP-C to yield GP-I and GP-2 occurs within a 9-amino-acid
stretch of GP-C which contains a paired basic amino acid group -Arg-Arg-, corresponding to amino acids 262
to 263 in the LCMV GP-C sequence. By comparison with the predicted amino acid sequences of a second
LCMV strain, LCMV-WE, as well as with the deduced amino acid sequences of the New World arenavirus
Pichinde and the Old World virus Lassa, we observed similar conservation of paired basic and flanking amino
acid sequences among these viruses.

Lymphocytic choriomeningitis virus (LCMV) contains raise antisera in rabbits. By their reactivity with the viral
two segments of single-stranded genomic RNA termed L and polypeptides GP-1 and GP-2, these antisera define the ori-
S (7). The S RNA is arranged in an ambisense coding entation ot these glycoproteins on the precursor and the
orientation in which the 3' half of the molecule contains the probable site of protcolytic cleavage.
gene for viral nucleoprotein (NP; 63 kilodaltons) in a
genomic complementary reading sense and the 5' half con- MATERIALS AND METHODS
tains the viral glycoprotein gene in a positive-stranded LCMV was propagated in BHK-21 cells and purified by
orientation (1; P. Southern, M. Singh, Y. Riviere, D. Jacoby, banding on isopycnic Renografin-76 (Squibb Diagnostics,
M. J. Buchmeier, and M. B. A. Oldstone, Virology, in New Brunswick. N.J.) gradients as previously described (4).
press). The glycoprotein gene codes for a mainose-rich Purified virus was diluted to less than 20% (vol/vol) Reno-
precursor, GP-C (75 kilodaltons) (4, 7). GP-C is posttrans- grafin and then pelleted. Pellets were resuspended in 0.01 M
lationally modified by proteolytic cleavage and oligosaccha- Tris-0.1 NM NaCI-0.001 M EDTA (pH 7.4) and adjusted to 1
ride trimming to yield the structural glycoproteins GP-1 (44 mg/ml.
kilodaltons) and GP-2 (35 kilodaltons) (4). This pattern of mg/mi.Synthetic peotides. Peptides selected from preoominantly
glycoprotein synthesis and processing has now been shown hydrophilic regions within the LCMV-ARM glycoprotein
for several other arenaviruses including Pichinde. Junin. and
Lassa viruses (11. 13, 15, 20). sequence were synthesized by symmetrical anhydride chem-

Atteps toi des the, arran n of 2. aistry on a model 430A automated synthesizer (Applied
Attempts to determine the arrangement of GP-1 and GP-2 Biosystems, Redwood City, Calif.) (S. Kent and I.-C.

within GP-C and to identify the proteolytic cleavage site by Lewis, in K. Alitalo, P. Partanen, and A. Vaheri, ed.,
direct protein sequencing have been unproductive. Using the Synthetic Peptides in Biology and Medicine, in press), and
methods of Hunkapiller et al. (18) we extracted GP-2 by sequential additions were monitored by ninhydrin analysis
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (27). Peptides were cleaved and deblocked with anhydrous
and attempted microsequencing of the amino terminus, hydrogen fluoride (29), and homogeneity was assessed by
Despite the presence of sufficient quantities of protein, we high-performance liquid chromatography on a reverse-phase
were unable to sequence GP-2 by conventional techniques, C-18 column (Vydac Corp., Hesperia, Calif.). iPeptides were
presumably because the amino terminus is blocked. To linked to keyhole limpet hemocyanin at a ratio of I mg
resolve this problem, we developed an approach involving peptide per mg of keyhole limpet hemocyanin by using the
the use of synthetic peptides deduced from nucleotide se- cross-linking agent NIBS (m-maleimidobenzoyl-N-hydroxy-
quences for S RNAs of two strains of LCMV, Armstrong succinimide ester; Pierce Chemical Co., Rockford, I1l.) and
(ARM) (Southern et al., in press) and WE (26) and also for by coupling via either naturally occurring or added cysteine
Pichinde virus (1). residues (14). Rabbits were initially immunized subcutane-

Peptides were -elected from predominantly hydrophilhc ously with 2uu jig ot keyhole limpet hemocyanin conjugate
regions within the predicted LCMV-ARM glycoprotein- emulsified in complete Freund adjuvant and then 14 days
coding sequence (Southern et al., in press) and were used to later with the same dose in incomplete Freund adjuvant.

Rabbits were boosted at approximately 3 and 5 weeks after
Correspoliding author. the initial immunization with 100 l±g of carrier-free peptide

"t Publication no. 4570-1MM, Scripps Clinic and Research Foun- adsorbed on alum, and sample bleedings were taken at 4 and
dation. 6 weeks. Usually, rabbits showing high antipeptide antibody
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TABLE 1. Summary of results of antipeptide Immunization acids from the amino-terminal end of each GP-C, which

FLISA'= viral could also serve as anchor sequences. Hence, using the
Pepide Rabbit antipeptidc p.xpcpttic 498-amino-acid sequence of LCMV GP-C as a model, we

mler slPcificltly first sought to define the positions of GP-i and GP-2 on the

GP-C 59-79 7542 > 16,tM) 61P-1 MP. WB) precursor. Two peptides. GP-C 59-79 and GP-C 378-391.

7543 > 160000 GP-1 (IP. WB) were selected as representing sequences near the extremes
8827 > 16.000 GP-I iP. WB) of the LCMV-ARM GP-C sequence. Immunization of rab-

GP-C 228-239 791 15.00) GP-1 AWB) bits with each olfthese peptides resulted in the production of
792 78,000 GP-1 (WB) high-titer antibody to the peptide (Table 1). In Western blots.

GP-C 253-262 2341 GP-I (WB) antibody to peptide OP-C 59-79 reacted with GP-i (at
2342 12.000 GP-I (WBr dilutions of 1150 and 1/100). This reactivity was abolished by

GP-C 272-285 797 12.000 GP-2 (WB) preincubating antiserum with 1 gig of peptide 59-79 in
798 12,000 GP-2 WB) solution (Fig. 1). Similarly, antiserum to peptide GP-C

GP-C 378-391 9257 260.000 GP-2 (WBs
9258 16M000 GP-2 IWB 378-391 bound to GP-2. Hence, GP-1 and GP-2 lie in the

amino-terminal and carboxy-terminal domains, respectively.
ELISA, Enz',me-tinkcd immunoorhcnt a',,a of the GP-C precursor.
"IP. Immune precipitation; Wi. Wesicrn blot Identification of the site of proteolytic cleavage. Having

established the location of GP-i and GP-2 on GP-C, we
titers were exsanguinated at 8 weeks. Antisera were ana- sought to define the location and structure of the proteolytic
lyzed tor antipeptide titer by the enzyme-linked immunosor- cleavage site. On the basis of size estimates derived by
bent assay,. A 0.1-nmol portion of peptide dissolved in 0. 1 M endoglycosidase-F deglycosylation of GP-I and GP-2 (10)
sodium carbonate buffer (pH 9.3) was dried in wells of a we predicted that cleavage should occur between residues
96-well plate, and the ,,cells were rinsed with phosphate- 230 and 290 in the GP-C sequence. Direct amino acid
buffered saline-Tween and blocked by incubation with 3% sequencing of the amino terminus of GP-2 extracted from gel
bovine serum albumin. Fourfold serum dilutions \were slices (18) was attempted but was unsuccessful in three
added, and the mixture was incubated for 90 min. After the attempts. Th" most probable explanation for this failure was
mixture was washed, bound antibody was detected with amino-terminal modification of GP-2, since on three occa-
protein A-peroxidase and orthophenylenediamine substrate. sions, three successive cycles of Edman degradation yielded
Controls consisted of preimmune sera and irrelevant pep- no detectable amino acid residues. We then turned to the
tides not derived from the LCMV sequence. Endpoints were synthetic-peptide approach defined here to locate the cleav-
the last serum dilution showing 20%, of maximum optical age site. Alignment of prcuictcd amino acid sequences for
density for a given sample. Western blots were done by LCMV-ARM and Pichinde virus revealed several highly
using purified LCMV as the target antigen. Preparative homologous stretches in the region of interest (Fig. 2). These
8-cma-wide slab gels were loaded with 300 gig of purified virus were GP-C 228-241 and GP-C 268-286 in LCNIV, corre-
and electrophoresed as described previously (3, 4). Gels sponding to 238-251 and 27.-295, respectively, in Pichinde
werc then blotted ,:rophorcticall) k.nfo nitroceliulusc virus. Portions of these sequences (LCMV GP-C 228-239
membranes (5), and the blots were cut into 5-mm strips and
reacted with sera at dilutions from 1L25 to 1.4(). After
incubation, the blots were washed four times with phos- 1 2 3 4 5 6 7 8
phate-buffered saline-Tween, and bound immunoglobulin 0
was detected by incubation with '2 •l-labeled protein A 4
tspccific activity. 1 giCi 4.g). Specificity was shown by 'tlock-
ing with free peptide. In all of the reactions described in this
report, the reactivity of antipeptide sera \with viral proteins

was abrogated when sera were preincubated with free pep-
tide.

RESULTS NP

Linear orientation of GP-I and GP-2 on the GP-C precursor GP12 AlU
protein. Previous studies have shown that the LCMV and
Pichinde virus GP-2 proteins are likely to be integral mem-
brane proteins (3. 4, 5, 7. 15). Dissociation of virus by lysis
with mild detergent results in a complex of GP-2 with viral
nucleocapsids, suggesting that this protein may span the
viral envelope. GP-1, in contrast, is highly exposed on the FIG. 1. Reactionsofantipeptide 'era \sith I.CNIV protein,. Lane
virion envelope, as indicated by surface iodination. and is 1 sho\,s prebleed guinea pig serum. lane 2 ,hows guinea pig immune
the target of neutralizing antibody (23). Recent studies have serum and indicates the positions of Np and GP-2 as reported
delineated the RNA and deduced protzin sequences for elsewhere (21). Guinea pig antibody to I.CMV reacts \,ith

GP-C genes of LCMV (26, Southern c: al.. in prcss) ,and conformalinnal 61ie, in 6.P-1 ;ind therefore i' n,! reac!,'e wX!h !ha!
Pichinde 1) an Lassa (2) arenaviruses and have revealed protein in Western blot,. L.anes 3 and 4 show prehleed and

postbleed saroples. repectively. of rabbit antiserum to peptide GP-C
common structural features among them. All have hydro- 59-79 reacting \itth GP-. :ine,5,and6sho\, prebleed and postbleed

phobic stretches of approximately 20 to 30 amino acids near ,amples. respectisel, of rabbit : ...- rum to OP-. 3"8-391 reacting
the carboxyl terminus, which may serve as a transmembrane %kith GP-2. L.anes "! and 8 ,how% the abrogation of reactis•i, of

anchor. There arc, howeevcr, two additional prominent hy- ant--GP-C 59-79 and GP-C 378-391 by preincubation \with 1 I~g of
drophobic amino acid stretches within the first 50 amino !heir iespectie immnuni/ing peptides in solution prior Ito blotting.
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and GP-C 272-285) were synthesized, and antibody was 1 2 3 4
prepared. We also noted the conservation of a pair of basic
amino acids, Arg-Arg at LCMV GP-C 262-263 and Arg-Lys
at Pichinde virus GP-C 271-272, that represented a potential
cleavage recognition site; therefore, a third peptide corre-
sponding to LCMV GP-C 253-262 was prepared. Reactivity
of all three antisera was determined by Western blotting
(Fig. 3). Antisera to peptides OP-C 228-241 and OP-C
253-262 reacted with GP-1, while the antisera to OP-C N
272-285 reacted with GP-2; hence cleavage of OP-C to OP-i P-
and GP-2 occurs between peptides 253 to 262 and 272 to 285. GP-2-
Within this region, the only structural feature in common to
all of the arenaviruscs for which sequence data are available
and likely to serve as a recognition site for proteolytic
cleavage is the basic sequence -Arg-Arg- at OP-C 262-263.
We also attempted without success to raise antibody to the
sequence OP-C 263-275 (Leu-Ala-Gly-Thr-Phe-Thr-Trp-
Thr-Leu-Ser-Asp-Ser) predicted to lie at the amino terminus
of cleaved GP-2 but have been unsuccessful to date owing to
the hydrophobic nature of this sequence. FIG. 3. Western blot of antisera against peptides flanking the

putative cleavage site of GP-C. Lanes 1 (rabbit anti-OP-C 228-239)
DISCUSSION and 2 (anti-OP-C 253-262) both show reactions with GP-I, while

anti-43P-C 272-285 (lane 3) reacts with GP-2. Lane 4 shows guinea
Proteolytic cleavage at basic amino acid sequences is well pig immune serum reacting with NP and GP-2. Peptides on the

documented for viral systems including Semliki Forest virus amino-terminal side of the dibasic -Arg-Arg- sequence (GP-C
and Sindbis virus E-2 glycoproteins (12, 25) and for yellow 262-263) gave rise to antisera which reacted with OP-1, while those
fever virus NS and M proteins (24), as well as for mammalian on the carboxyl side gave rise to antisera which reacted with GP-2.
prohormone (28, 31) and proprotein (9, 16) pathways. The
protease activities responsible for cleavage of viral proteins
are largely uncharacterized. In influenza A viruses, cleavage (4). Rice et al. (24) have speculated that cleavage of the
of HA to HAI and HA 2 is accomplished by host-specific yellow fever virus membrane protein is achieved by a host
trypsinlike serine esterases and occurs at the time of or after protease with specificity for the sequence Arg-X-ArglLys-
virus maturation (19). Similarly, murine coronavirus glyco- Arg, postulated to be localized in the Golgi or post-Golgi
protein E2 must be cleaved by a trypsinlike enzyme to vesicles. Cleavage may not be quantitative in LCMV, since
activate its cell fusion potential (28). Cleavage in the van der Zeijst et al. (33) have reported that some LCMV
alphaviruses and flaviviruses (12, 24, 25) is thought to OP-C is detectable on the surfaces of infected cells by in situ
involve intraceliular action of a combined trypsinlikc and radioiodination, and we have occasionally observed traces
carboxypeptidase 11-like activity which functions late in the of GP-C in purified virions (B. S. Parekh and M. J.
secretory pathway. The latter is consistent with our previous Buchm~eier, unpublished observations).
observations on posttranslational processing of arenavirus Cleavages of coronavirus, paramyxovirus, orthomyxo-
glycoproteins which demonstrated that only the cleaved virus, and retrovirus membrane proteins are associated with
glycoproteins reached surfaces of infected cells and virions the activation of fusion functions mediated by the cleaved

products (30, 34). Such activation is thought to be due to

YY YY 'V 'VV 262 263 Y 'V exposure at the N terminus of predominantly hydrophobic
49 sequences generated by cleavage. We have no evidence of

NI iC similar biological function associated with cleavage of the
GP-I GP-2 LCMV precursor; however, the N terminus of GP-2, which

would be liberated by cleavage at the Arg-Arg site, contains
a hydrophobic sequence, Leu-Ala-Gly-Thr-Phe-Thr-Trp-
Thr-Leu. While this sequence is not as long as the 20- to
30-amino-acid stretches generated in the above cases, it is

1IIN IaOaPATWIWKCTIAGPFGMS t It SOIXTKFP 66 11,PIWLCSVEPGC predominantly hydrophobic and may constitute a functional
35.... r AP... . . .. .. . .. domain. Availability of antisera to regions adjacent to the
-NF~ r 7 IPUPTNPNA O-OTAYPPYP L 0_ 'G.2 .. 1A.2P cleavage site of GP-C will enable us to probe further for

Ts V o OFP6S,1 nL~tA.P1NRTFtS 1Y L I OT .. .... evidence of biological function associated with cleavage.

FIG. 2. Cleavage region of GP-C precursors of LCM-ARM, and Controlled proteolytic cleavage constitutes a fundamental
LCMV-WE, Pichinde virus, and Lassa virus (Josiah). The 498- regulatory mechanism in a wide variety of biological systems
amino-acid linear sequence of LCMV ARM GP-C (Southern et al., (22). Examples of protease control have been described for
in press) is represented schematically, with glycosylation sites many cellular systems involving hormonal (28. 32) and
;.iarked (Y). Amino acids 225 to 285 for LCMV-ARM and WE enzymatic precursors and for viral systems such as
strains, 235 to 294 for Pichinde virus (1), and 217 to 283 for Lassa picornaviruses, in which autoproteolytic cleavage of the
virus (Josiah) (2) are shown. Conserved amino acids are indicated by initial polyprotein translation product VPO is a central
dots and peptides used in the present study are underlined in the fetrofhecpiav yle()Fuhrmeuninl
LCMV-ARM sequence. The position of the dibasic amino acid feguature of the replcastiem cylie 6)Futhermlore foaunctional8
sequence (boxed) is preserved relative to the conserved flanking reuainoelctrstmsikthbodcagain(8
sequences Leu-Ile-llc-Oln-Asn-Arg-Thr-Trp-Glu-Asn-FHis-Cys and and complement (21) pathways are also dependent on con-
Gly-Thr-Phe-Thr-Trp-Thr-Leu-Ser-Asp-Ser-Scr-Gly-Vail-GLtI- Asn- trolled proteolysis. Traditional approaches to identification
Phe-Gly-Oly-Tyr-Cys. of proteolytic cleavage sites have involved rigorous purifi-
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cation of cleaved products and direct amino acid sequencing. 13. Grau, 0., MI. T. Frante Fernandez, V. Romanovski, S. MI.
With nucleotide and deduced amino acid sequences avail- Rustlel, and NI. F. Rosias. 1981. Junin virus structure. p. 11-14.
able in data banks from an increasing number of demon- In D. H. L. Bishop. and R, W. Compans (ed.), The replication
strated and hypothetical viral and cellular genes, the ap. of negative strand viruses. Elsevier"North-Holland Publishing

Co., New York,proach we have described, involving the use of synthetic 14. Green, N., H. Alexander, A. Olson. S. Alexander, T. M. Shin-
peptides and corresponding antisera to bracket cleavage nick. J. G. Sutclliffe, and R. A. Lerner. 1982. Immunogenic

signls n plv poten gne podutsshoud b wiely structure of thc influenza virus hemagglutinin. Cell 28:477-487,
applicable to other systems in which protease cleavage 15. Harnish, D. G., W.-C. Leung, and W. E. '.aw!s. 1981. Charac-
events activate function. With recent improvements in syn- terization of polypeptides immunoprtcipitabic from Pichinde
thetic-peptide synthesis technology that facilitate production virus-infecced BHK-21 cells. J. Virol. U8:840-848.

of large numbers of' high-quality peptides at reasonable cost 16. Hershko, A., and MI. Fry. 1975. Post-translational cleavage of
(17: Kent and Lewis, in press), the approach presented here polvpeptide chains: role in assembly. Annu. Rev. Biochem.
may provide a valuable adjunct to gene mapping in a variety 1 47. 577
of biological systems. 1.Houghten, R. A. 1985. General method for the rapid solid-phase

s,, nihesis of large numbers of peptidles: specificity of antigen-
antibody interaction at the level of individual amino acids. Proc.
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I Introduction

The proteins of' areniaviruLSes \%ere first studies b\ SMADIM and his colleagues
(1939. 1940. 1942). with ref ,erence to their antiueenicit\. Tl~ise %%orkersl described
thc presence of' af irus-specific soluble (S) antiven detectable b\ complement
fixation (CF) in homogenatesý of' spleen and lung From L(A\'-in~i'cted guinea
pigs. Soluble antigen could he separated fromr intectious- % rus b\ ultracentrifugaZ1.-
tion. Repeatedly wvashed \irions reacted poorix in CF tests while the S antigen
lost none of its immunoreacti'itv al'ter ultracentrilugation. These studies %%ere
not extended until nearl\ 3 decades later wkhen BRO\VN and KisK t1969). CHA.S-
TEL (1970) Simos (1970). and BRO-JORGUNSLN (1971) described antigens detect-
able by CF and immunoidifl).sion in tissues or cell cultures inklected with LCNMV.
IR~O-Ji)Rc~rNsirN j1971) found two antigenic species by immunodiffusion using

inf'ected BHK-21 cells as the antigen source. One antigen %-ais heal. stable and
resistant to proteolysis. \;hile the second was degraded by both heating and
pronase digestion. Both antigens sedimented at a rate of' 3.5 S in late zonal
sucrose gradient centrifugation. and based on this S '%alue thc molecular wkeight
of the thermolabile S antigen was estimated to be 48t)00.

Studies by GscIwAENtmR ( 1976) with LCMV established that the extractable
complement-tixing antigen (ECFA) "sas an internal component of the \irioil.
Antiserumn directed against ECFA did not neutralize inf'ectious LCMV. and
it did not mediate complement-dependent lvsis of LCMV-infected cells. Purified
LCMV disrupted by detergents liberated an antigen which reacted \k~ith ainti-
E-CFA it CF test and produced a bai-.d of identit' with [Cl-A b\ immunodillru-
sion.

Departmcii of irnmunologý. Scripps Clinic and R cscarch F oundation. 16iubM North iorrcv Pinc'
Road. La Jolla. CA 94203'. LISA

Current 1 opics in MIiciobiologý and i nimunolop~. \ ol 1153
0Springcr.Vcrlag Herlin heidtelberp 1911"
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RAWL.S and BUCH-MEIER 11975) arrived at similar conclusions, working with
the S antigens of' Pichinde virus. Antfisera directed against partially purified
CF antigen from cells infected by Pichinde virus were shown to react against
the internal nuclcocapsid protein of the virus but not %%Itt surface antigens
of infected cells. Subsequent studies (BLCI-IEIR et al. 1977) demonstrated that
thc S antigen was a degradation product oif the wial nucleocapsid protein (NP).
Moreover the arnigenic cross-reactivit\y ohser'ed by CF among the new world.
Tacaribe complex arenav~ruses (re% iewed in RAWtLS and LEFUNG 1979) was shown
to be due to conservation of NP-related antigens ( Bt:Ci~tIPrR.17 and OLDSTONIT
1977).

Persistent arenavirus infections. whether in i1tro (LiIHMANN-GRUBFt et al.
1969:- \rLSI I and OLDTsONM 19'7 WrLSII and BucItNIFI-R 19779. VAN DEP. ZFUST
et al. 1983a. b) or in %uvo (TRAUB 1936: WILSNACK and RowrE 1964: OLDSTONEr
and BtUaiMEIER 1982. RoDRIGurZ et al. 1983: see also FRANCIS et al., this vol-
ume). are characterized by the persistence of nucleoprotein. Often in the absence
of viral g!NC~protein antigens and infectious virus production. This phenome-
non. which we now recognize miay be a consequence of the ambiscrise genomic
arrangement of the S RNA segment (see Bi~uiop and AUPFRIN. this volume).
led to a great deal of confusion aiid anibiguit, in early :ttempts to grow and
purit\, arena% iruses (RA~WLS and LruNGi 19719). Only w\hen factors such is multi-
plicity of infection, rigorous plaque purification of' the infictling \irus. and time
of harvecst were carefull%- controlled did a consistent Picture of' the structural
features of these viruses emerge.

2 Structural Proteins of Arenaviruses

The structural proteins of purified arenaviruses \vere first studied by RAMlOS
ei al. 11972) working with Picijinde virus and by PFr.DRS0oN- (1973) with LCMV.
Numerous other descriptive studies of the proteins of these agents have followed,
and to date the structural proteins of at least vine different arenaviruses have
been examined (summarized in Table I ) Despite apparent differences. a number
of common features have emerged. Characteristically. arenaviruses contain a
major dominating protein which is the viral nucleocapsid protein (NP: 60-68 K).
Nucleocapsid protein constitutes up to 59% of the protein in arenaiiruses
(VFZ7.A et al. 1977) and is casilv detected in SDS-PAGE gels by protein staining
or by radiolabefing with amino acid precursors such as [ 3H~lcucine or [355]me-
thionine (Fig. I ). The viruses also contain variably either one. as reported for
Tacarihe and Tamiami (GAxRD et al. 1977) or two. for LCMVi and Pichinde
% irus (BUCHMIsEiR et al. 1978: .- VZZA et al. 1977). glycopeptides of' somewhat
lower molecular weight than NP. Other minor proteins have also been detected
but the origin of these has unit! recently been largely a subject of conjecture.
Prcdorm-nant among thcese quantitativel '11111101 pi LciiNs are a 180 -200 _K protein
termed L in Pichinde (HARNis[n et al. 1981, 1983) and LCMV (BuCHctiFtR.
SIMGH. and SOU.THERIN, unpublished observation), whichi is a candidate for a
viral polymerase. a 77 K protein termed P (VEZZA et al. 1977: GARD et,11.
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Tible 1. Structural polypeptides ol arenawtiruci

'irus L proteins Nucleoproteins En~clope Mlinor proteins References
proteins

Mole- Name Mole- Name Mole- Name Mole- Name
cular :ulair cular cutar

i t (Kt iK)

LCNIV (,3 NP 4.1. GPI - B1 ( wi~i~i-K ci ait
35 GP 1978: BtU( IMI11,

and OLUSTO~f 197-9

LCM V --()I) P 24K) 63 P 
6

3 t 310 up 30 - p- tRIN.S Ci al. ItMXIb

IS5 LP h5 38. p 
3
4

60 gp 60 26 ' p -6
4-4 ep 44 25' p -5
3i gp 35 19 pt19

Pichinde 200 L 6.4 N P ;2 (. ; Pi 4$. H~ARNISH Ct a1, tOXI
36 (iP2 . ,

)'ichinde 6h IN 64 (iPI ' \tU zct al. 197'
3's ( iP)2

Tacarihe 6 (S N 4 -' P -9 (3AKO C1 ai. 1977

Tamniarnii 66 N1 44 013 1,

Junin 60 \1 44 - (3RAI C1 a[ 19MI

35-39

Junin -54 \'P.3)Ni 91 VP.)1 25 \P-6 NI%fAKrTINUZ S1 GOVIA.

-1: \.f-, and oi~ MimiR 1977
55i VP.4

is vp-5

Madchupo - - (5 N 50 GiPI q4 - (i..5N0EMi et ail

it1 G112 -4 - 1978
1 5

Mopcia ISO L 61 N 49 (jIt 84 - (,i)ZALiZ Ct al.
35 GP21 19M4

Nhihata SIs L nil) N 4?, (; 1'1
37 GP2

Lassa 180 L It N 45 GjPI
38 6132

L~a~ssa 60 N 45 (Wi P '6 - CLo~i( and LLOYD
35 GiP 2 65 - 1993

Nucleoprotcin-rel iied degradation or cicavage fragment
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*p200

.p75

*p68

NP

GPI

GP2

*p14

Fig. I. 1 'S~methionine-labeled polypeptides of LCMV, BHK-21 ;cc:; were infected with LCMV
ARM ;it a multiplhci(V (i inlcction ol'0.1 PFU celI then incubated for 24 h beforc adding 100 pCi ml
ol' Slmhethoninc in mcthionnine-frce medium. Supern.itanl mediumr was harvested at 40h and
%irus purified ind anal.zed by SDS-PAGE as dscrnbed (luctIi'FIR etal. 1978). Ficdent in the

iuloradiegram are the major viral polypepiides NP. .PI. and (W2. as well as quantitatively minor

po!vcpildes ip) o! 200 K. 75 K. 6M K. and 14 K. In other experiments we have shown that p 200
i, i:1,CoIlcd on ihc viral L RNA segment and that phS apparently shares ir,!ptic pcptides ,ith

NP. No delinitic inlormation is a..ailablc for p '5 or p 14

1997). and several low molecular weight detradation products derived from
nuc!eocapsid protein (H.,P.'snl et al. !981. JRUNS Ct al. 1983b. 1UCH.MEI[-R

19M4). As det:Lided in BIsHOP and AUPERIN. and SOUTHERN and Bistiop, this
volume. mole, ,ar cloning approaches have definitively assigned NP and the
(iPC precursor of OPI and GP2 to the S RNA segments of LCM and Pichinde

I ! 2
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viruses. These two open reading frames leave no room on S for additional
primary translation products. Moreover. HARNISH et al. (1983) have mapped
the 200 K L of Pichinde virus to the vi:al L RNA segment using genetic reassor-
tants. and we (BucHMi.IER. SINGH. and SOUli-HERN, unpublished observation)
have shown directly. using synthetic peptide antibodies, that the L RNA segment
of LCMV encodes a unique ca. ISO K L. Hence it appears clear that there
i, not sufficient coding capacity within the genome to accommodate all of the
reported additional polypeptides and glycopeptides. Thus it is more likely, for
example. that the additional glvcoprotein components reported for LCMV by
BRUN:S et al. (1983b). which include glycoproteins of 130 K. 85 K. and 60 K.
in addition to the previously documented 44 K (GPI) and 35 K (GP2) species.
represent products of either atypical or incomplete posttranslational processing
or contaminating cellular proteins. These differences will ultimately be resolved
using well-delined monoclonal and sequence-specific. antipeptide antibodies and
correlating the results with eDNA sequence analysis.

Localization of the structural proteins in the virion has been studies in detail.
.\s with other enveloped RNA %iruses. the glvcopelptides are displayed on the
external surface of the viral envelope. VEZZA et al. (1977) demonstrated that
digestion of Pichinde virus with proteolvtic enzymes produced "'hald " or spike-
less virions which were devoid of GPI and GP2. GARD Cet al. 41977) confirmed
this result for the glycoproteins of Tacaribe and Tarniami viruses, and Btc, cl-
MEIEtR Ct al. (1978) also showed that the GPI and GP2 of LCMV werc susceptible
to proteolysis. Moreover by surface iodination of LCMV i Buci-HtNiir-i and OILD-
sroNr 1979) it was shown that GPI was the predominant virus-specflic molecule
accessible to lactoperoxidase-catalvzed iodination on the plasma membranes
of infected cells and on the envelope. The macromolecular arrangement ofglyco-
proteins in the membrane has been studied by BRUNS and LFiN-'ANN-GRUnF
t1983). Based primarily on cross-linking and nearest neighbor analyses. they
suggest that the glycoprotein spike of LCMV consists of' a complex of I gp
35 molecule linked to either three gp 44 molecules or one gp 44 and one gp
x5 molecule. This model awaits confirmation, however, and must be viewed
with caution since it fails to take into account the essentially equinjolar concen-
trations of GPI and GP2 (i.e.. gp 44 and gp 35) in the membrane (VI'zZA et al.
1977) and also incorporates two glycoproleins, gp 85 and gp 60, which have
not been confirmed by others.

The nucleoproteins ofarenaviruses reside predominantly in the ribonucleo-
protein (RNP) core of the virion. The basic configuration of' the Picitinde virus
RN P was found by YOL;NG and HOWARD (1983) to be a linear arraýy of globular
subunits. or nucleosomes. 4-5 nm in diameter, that represent individual mole-
cules of the NP. This "headed " filament appears to fold pro~ressivelv through
a number of 12 15 nm helical structures and these strands in turn were twisted
to form 20 nm thick Fibers seen in isolated core structures.

In addition to NP. we have also found L in association with the RNP.
Preparitions of purified LCM virions were subjected to disruption with 1.
NP-40 and 0.5 ;V KCI. then pelleted through a sucrose layer to exclude soluble
components. L was detected in the pelleted RNP complex by Western blotting
with antipeptide antibodies to an L-RNA specific amino acid sequence.

Ia
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Fig. 2. Labeling of cell-a•,;o•ciled prrtein, with !"SSmcth!onine OfET) L.nd 1l'1ljsuga=, (GLUC.
Viucosamnie: (,.4L. galactose: l" . Iuco•c: Af.A . mannosci. Cell, Acr: inl,:clcd a a rnoi olf 0.1
then plse Ilabeled for 2 h from 42-44 h after inlcction N4,hen viru% production ý,,i matximal. (',t sols
%,ere prepared and immuroprecipiiatcd with a hvprimmunc guinea pig antistrum ,i, described
(BUCH'MIFR and Oi.iLSTON- 1979). Both GPC and NP are readily dctectable using l"Srmr-cihionine
label. but only the glscopeptides label with sugar precursors OPC is heavil% labeled lith nmanrosc
and glucosamin¢ but not with galactos and fucoc. demon•,raiing that it is of the high mannose

type. %lannosc residues are trimmed prior to cleavage ol GPC into GPI and GP"

A single nonstructural glycopeptidc termed GPC has been described in cells
infected with LCM (BUCHMEIER and OLDSTONP 11979). Pichinde (HARNIits et al.
1981). "facaribe (SAL1,H et al. 1977), Lassa fever (CLEGG and LLOYD 1983). and
Machupo (LuKASHEVICH and LEEMMI-HKO 1985) viruses. As discussed in more
detail in Sect. 4. GPC is the precursor of the structural glycoproteins. Intracellu-
lar GPC is an oligomannosyl rich glycopeptide which is processed postiransla-
tionally by carbohydcate trimming and proteolytic cleavage prior to virus release
(Fig. 2). Pulse-chase experiments (HARNISH et al. 1981: DIMOCK et al. 1982) have
shown that the synthesis of GPC correlates closely with production of infectious
virions. As GPC synthesis and consequent expression of viral glycoprotein at
the plasma memLrane increase, so does virus production. In turn. late in the
infection whet, virus production wanes. GPC synthesis and surface expression
of the structural glycoproteins diminish. The cellular site of GPC cleavage has
not been precisely defined. In our work (BUCHM.FAER and OLDSTONE 1979) we
found only the mature UP] and GP2 on the surface of infected cells and virions
and suggested that cleavage occurs intracellularlyv however. VAN DER ZE.JST
et al. (1983a) have shown uncleaved precursor at the surface of acutely infected
cells using a sensitive in situ surface iodination mcthod. It is possible that ithi
apparent discrepancy is a quantitative effect since we have recently observed
a small quantity of uncleaved GPC in mature virions by Western blotting (PA-
REK11 and BUCH.MFER, unpublished observation).
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Table 2. Enzymatic actiyies associated with arenaviruses

Aai-ity Virus Associaled with Reference

RNA polymerase Pichinde Viral RNP complex CARTER ct al. 1974:
LEU'. et al. 1979

PolR-A polyr-crase Picninde Ribosomes LEUNG ct al 19'9

Poly-U pol)merase Pichinde Ribosomcs LuL'NG ct al. 1979

Protein kinase LCM Viral RNP complex HoWARD and BT'HMEIER 1983.

BRtIss c% al 1986

3 Enzymatic Activities Associated with Arenaviruses

Several enzymatic activities have been detected in association with purified
arenaviruses (Table 2). In at least one of these, a viral RNA polymerase activity
is thought to oe obligatory for viral replication (CARTER et al. 1974: LEUN;
ct al. 19 '9). Polymerabe activity has been studied most extensively in association
with Pichinde virus, where it was shown to catalyze RNA synthesis from the
%iral genomic RNA template. The RNA polymerase was shown to be associated
with the viral nucleocapsid complex, and was distinguishable on the basis of
localization, as well as divalent cation requirements, from ribosome-associated.
Mn2 -dependent, poly-A polymerase and Mg2 -dependent poly-U polymerase
activities. The most likely candidate for the viral RNA polymerase is the nucleo-
capsid-associated L protein (180-200 K) which we have recently shown to be
encoded by the L RNA. Characterization of the mode of transcription by this
enzyme is hampered by its low activity and lability (LEUNG et al. 1979; BUCH-
MEIER et al. 1980b).

In addition to the RNA polymerase which appears to be virally encoded
and the poly-A and -U polymerases which are ribosome associated and thus
probably of host origin, HOWARD and BuCHMEiER (1983) have described a vir-
ion-associated protein kinase activity. This kinase preferentially phosphorylates
,erine and threonine residues in NP in the presence of a phosphate donor such
as ATP (Fig. 3). The activity is internal, as indicated by its release from detergent
solubilized virions, and is not stimulated by cyclic nucleotides. Kinase activity
was shown by density gradient studies to be associated with the nucleocapsid
core of the virion. Although it is not clear whether the kinase is a bonafide
viral gene product or an encapsidated cellular constituent, it is conceivable
that phosphor%,lation may play a role in the regulation of viral RNA polymerase
activity or in virion assembly. Most attempts to demonstrate phosphorylated
proteins in arenaviruses have been unsuccessful (review in COMPANS and BISHOP
1985). BRUNS et al. (1986) however, report that a fraction of the 63 K nucleopro-
teirn is prcscnt in a soluble phosphoiylaied form termed p 63 E. The significance
of this observation remains to be determined; these authors have suggested
that p 63 E plays a regulatory role in the xiral replicative process. Clearly the
roles of the RNA polymerase (transcriptase) and protein kinase activities in

a
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Fig. 3. Amino acids phosphordlated by the endlogenous LC%4V protein kinase. Phosphorylaled NP
%ks prepared as described (HOWARD and BUCIIMEIER 19111) anid h~drolszcd in 6.V HCI. Samples
ucre cli~ccrophoresed in the first dimension then chrornatographed in the scdnd Radjoacli~c rcsiducs
\%ere identlfied h% comparison Asith unlabeled markers. Onl% phosphoscrine (p.Scri and phospho.
threorine ipT/ir, %crc detected as phosphorylated products ol1 the LCM\\ kinasc. The position
of phosphotvrosine (p. Ti-r is indicated for reference- Reproduced from HOAKD and BuICiisEIER
(19813)

the replicative cycle of the virus. as well as definitive characterization of' their
molecular nature. remain subjects for future investigation.

4 Synthesis and Expression of Proteins

Arenaviruses have in common the capacity to establish persistent infections
both in \,ivo and in vitro. Recent studies have suggested that the in 'herent ability
of these miuses to regulate differentially the expresston ot'NP and surface glyco-
proteins may play a role in the ability of the virus to evade immune surveillance
in such persistent infections (WELSHi and OLDSTONE 1977; WELSH and BUCHM1EIER
1979. OLDsroN4E and I3LCHMEIER 1982, RODRlIGUEZet al. 1983). In general, infor-
mation concerning the synthesis of the viral polypeptidles is limited. In cells
infected with [CMV. synthesis of NP, shown by radiolabeling with [35Slmethio-
nine, is first detected 6 h after infection (BUCHIMEIF.R et al. 1978). coin~cident
,A ith the start of the exponential phase of the repllcative cycle. NP is apparently,
synthesized as a primary translation product since the native 63 K form is ob-
scr~ed First in the infected cell. Pulse-chase experiments have not re%.ealed higher
molecular weight forms of it which might be candidates for a precursor molecule,
Adivhugh ieciit studies in a coupled in vitro transcription translation system
haive shown a 73 K translation product of the Tacaribe virus S RNA. which
is apparently posttranslationally modified to yield the 68 K virion form of the
molecule (BOFRSMA and COMPANS 1985). Both the 68 K and 73 K polypeptidles
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contained similar tryptic peptides. suggesting a common origin. We have ob-
served a similar polypeptide of 68 K (Fig. 1) in LCMV and have shown in
unpublished work that this molecule shares tryptic peptides with NP; caution
must be exercised, however, since the 68 K protein may be contaminated with
significant amounts of the more abundant 63 K NP. Nevertheless the possibility
exists that a portion of NP message is translated as an elongated "read through "'

polypeptide or alternatively that NP (63 K) is rapidly cleaved posttranslationally
off a larger primary translation product.

Several groups have shown that NP is present in both full length and de-
graded form in virions and infected cells. Pichinde xirus was shown to encode
polypeptides of 15 K and 20 K in infected cells, and these were antigenically
related to NP (BuCHMFEiER et al. 1977). H..\RNISH Ct al. (1981) d'scribed NP-
related polypeptides of 48 K. 38 K. and 28 K in Pichinde-infected BHK-21 cells,
and, after a 3-h chase period. additional species of 17 K. 16.5 K, and 14 K
were also evident. All of these six quantitatively minor polypeptides shared
common tryptic peptides with NP suggesting their derivation by posttransla-
tional proteolytic cleavage, although the potential presence of premature termi-
nation products or of mutants containing deletioný in the NP gene was not
formally precluded.

YouN,.G et al. (1985b) have observed similar NP-related cleavage products
appearing late in Pichinde virus infection of Vero cells and hae suggested
that the intracellular level of NP plays a role in regulating gcnome replication
transcription by committing newly transformed RNA to either nucleocapsid
assembly or further rounds of replication. It was proposed that differences
in cleavage patterns were related to the extent of virus regulation observed.
At least one of the NP-related cleavage products. a 28 K fragment identifiable
with a monoclonal antibody, was found in the cell nucleus late in the infection
(YouNG et al. 1985a). These studies suggest the possibility that NP or cleavage
fragments of it may serve as regulatory molecules to modulate transcription
and or replication.

Observations of cleavage fragments of nucleocapsid protein are not restricted
to Pichinde virus. CLEGG and LLOYD (1983), working %kith Lassa virus, reported
N-related polypeptides of 36 K and 24 K, termed .NI and fN2, respectively.
In this instance fNI and fN2 were thought to be artifacts resulting from prote-
olysis upon disruption of Lassa-infected cells; only full length N was detected
by Western blotting in cells lysed under stringent denaturing conditions. BRUNS
et al. (1983b) have reported 25 K and 38 K polypeptides in LCM virions, which
appeared in one-dimensional tryptic maps to be related to the NP (termed
p 63 in their nomenclature). We have shown, using both peptide mapping and
monoclonal antibody analyses, that LCMV contains variable amounts of NP-
related polypeptides of 25 K. 38 K and approximately 40 K (BUCHMEIER. unpub-
lished observations). The appearance and quantities of these species are highly
variable and affected by factors such as the host cell used to cultivate the
virus and the time after infection: hencc, it is not cicar at the moment whcthcr
these molecules play a functional role in virus replication.

A clearer picture of the synthesis and potential mechanisms of regulation
of arenavirus glycoproteins has emerged from recent studies of their genetic
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Fig. 4. Hydropathic plot. cystcine. and charged amino acid distrioution for the .PC predicted gene
product of LCMV.WE S RNA. Regions ol the prcdicted protein with net h~drophohicit, (areas
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(itrtical bars) and potential asparagiie-linked glycosylation sites I Y) arc shown. Reproduced from

RO.M, AN()WSKY and BIsHoP (1985)

structure (AUPERIN et al. 1984: ROMANOWSKW and BISHOP 1985; SOUTHERN et al.
1986). Previous investigation at the biochemical level demonstrated the presence
of a high molecular weight (70-78 K) precursor of the virus structural glycopro-
teins in cells infccted with LCM (BUCHMEIER et al. 1978: BtCHNIEIFR and OLD-
STONE 1979), Tacaribe (SALEH et al. 1979), Pichinde (HARMISH et al. 1981). Lassa
fever (CLE.OG and LLOYD 1983), and Machupo (Lt:KASHFIVICH and LF.WES.SHKO
1985) viruses. Availability of nucleotide and amino acid sequence information
has allowed mapping of the precursor glycoprotein, termed GPC for LCMV
(BucH"fEiFR et al. 1978). to the 5' half of the virion S RNA strand (see B~sHoP
and AUPERIN. and SOUTHERN and BISHOP. this volume). Recent experiments
in our laboratory have been directed at determining the fine structure of the
GPC gene. orientation of the structural glycoproteins on the precursor, signals
for proteolytic cleavage, and defining important antigenic regions of the mole-
cule. Hydrophobicity profiles have been determined by the method of K',TE
and DOOLITTLE (1982) for Pichinde virus and LCMV (Fig. 4). The GPC precur-
sors of both LCMV WE and ARM consist of 498 amino acids in a single
open reading frame. From the hydrophobicity profile it is evident that the
protein contains three significant hydrophobic domains approximately spanning
residues 1-32, 34-55. and 433-460 from the amino terminus. The first of these
is throught by analogy with other membrane glycoproteins to constitute a signal
sequence. while the carboxyl domain (433-460) is likely to constitute a mem-
brane anchor. Amino acid sequence comparisons with the corresponding GPC
gcnes of Pichindce and Lassa fever viruses have revealed that the gene consists
of two domains. The amino terminal half is potentially highly glycosylated
with six asn-x-ser thr glycosylation sites in LCMV ARM and WE, and eleven
sites in the corresponding region of Pichinde GPC. Work in our laboratory
hda •lhown that at least fout uf these six potentiai sites in LCMV are actually
glycosylated. Further, this domain shows only a low degree of amino acid ho-
mology between LCMV and Pichinde virus. In contrast, the carboxyl domain
contains sequences which contain fewer glycosyiation sites (three in LCM, five

L!
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Fig. 5. Clca'.agc region of the GPC prczursors of LCMV, Pichinde. and Lassa tcse r viruses. rhe
linear sequence of LCMV-ARM GPC is represented with glycosylation Mites marked I)'n. Amino
acids flanking the putative cleavage site in LCMV.ARM. LCMV.WE. Pichinde ýAUPERIN et al
1984). and Lassa fever (Josiah) (D. AuPERIN. personal communication) %,iruses arc shown with align-
ment for maximum homology. Conserved amino acids rclative to LC% V-ARM arc indicated by
dots, and peptidles used to map the clcavage site as descnbcd in the text arc marked. Note that
the position of the conserved pair of basic amino acids relati~c to the underlinedi conserved flanking
sequences is retained in all four viruses

in Pichinde) and share a high degree of homology with the corresponding se-
quences in Pichinde virus. We have used synthetic peptide and monoclonal
antibodies to study the coding assignments and topography of the LCMV GPC
gene. Peptides were synthesized corresponding to four regions of GPC (amino
acids 59-79, 228-239, 272-285. and 378-391). and site-specific antisera raised
in rabbits. Antibodies made against the more amino terminal peptides 59-79
and 228-239 reacted with native arnd denatured GPI. while antisera to the
two peptides closest to the carboxyl end (271-285 and 378-391) reacted with
0P2. Thus the gene order on the GPC message is NH,-(GPI) (GP2)-COOH.
Examination of the sequence between peptides 228-239 and 272-285 revealed
the presence of a double basic amino acid sequence Arg-Arg at residues 262-263
flanked by hydrophobic amino acids. Alignment with the sequences of Pichinde
(AUPERIN et al. 1984) and Lassa GPC (AUPERIN. personal communication)
showed corresponding paired basic sequences in both of those viruses (Fig. 5).
On the basis of these data it is apparent the cleavage site utilized on GIPC
to yield the GPI and GP2 is defined by this conserved double basic amino
acid sequence Arg-Arg on LCM and Lassa fever viruses, and Arg-Lys on Pi-
chinde virus. Thus this site is likely to be a general feature of the arenavirus
group. Moreover. analysis of sequence homology' among the GPC precursors
of these viruses has shown extensive conservation of sequences in GP2 predicted
by the earlier demonstration of conserved antigens in GP2 (BUCHMEI[ER et al.
1980a, 1981. 1984) using monoclonal antibodies.
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5 Antigenic Topography of Arenavirus Glycoproteins

Arenaviruses differ in their susceptibility to antibody-mediated neutralization.
Neutralizing antibodies to LCMV have been shown to be directed against the
GPI (gp 44) glycoprotein (BucCHEIEPR et at. 1981; BUCtiMEIER 1984; BRUNS et al.
1983a; PAREKH and Bucit-iEeiFR 1986). Similarly. monoclonal antibodies against
the single glycoprotein of Tacaribe virus-mediated, highly efficient virus neutral-
ization (ALLISON et al. 1984: HOWARD et al. 1985). Moreover. using competitive
binding assays and analysis of neutralization resistant mutants. it was possible
to map two distinct epitopes on Tacaribe G (HOWARD et al. 1985). One epitope.
characterized by four monoclonal antibodies, was the target of highly efficient
neutralization, while a single antibody to a second site was less efficient, leaving
a large non-neutralizable persistent fraction. Failure to neutralize was not likely
to be due to virus aggregation since addition of a second antibody to the alter-
nate site resulted in further reduction in virus titer. Analysis of neutralization
kinetics for the highly efficient monoclonal antibody suggested that the reaction
followed double hit kinetics.

We have assessed the antigenic topography of the LCMV glycoproteins
using a large library of monoclonal antibodies against GPI and GP2 to map
the epitopes on these molecules (PAREKH and BUCHMEIER 1986). Elicitation of
neutralizing monoclonal antibodies to LCMV in the BALB~c mouse was a
relatively infrequent event. Only 6 of 46 antibodies to the LCMV glycoproteins
neutralized virus infectivity in vitro. Five of these antibodies were raised against
the WE strain of virus and mapped by competition binding assay to a single
conformation-dependent epitope (GPIA) shared by hoth ARM and WE as
well as other LCMV strains tFig. 6). The sixth neutralizing MAb was uniquely
specific for the LCMV-ARM strain and its binding to that strain was only
marginally affected by the other five antibodies, suggesting binding to a topo-
graphically related but not identical epitope (GPID). Nonneutralizing MAb
were found to be directed against two additional sites on GP1, (GPIB, C)
as well as against three sites on GP2. The relevance of these data to the poly-
clonal antibody response was investigated using a potent neutralizing antiserum
raised in guinea pigs. This antibody reacted predominantly with conformation-
dependent structures on GPI, as indicated by its failure to bind in Western
blotting, and its binding was completely inhibited by any of the five LCMV
WE-specific neutralizing NIAb against site GPIA. These results imply that the
LCMV WE GPI has a single immunodominant neutralizing antigenic determi-
nant (GPIA) and that the LCMV ARM strain bears an additional topographi-
cally related but not identical site (GPI D). Attempts to neutralize other arenavi-
ruses have met with mixed success. Patient and experimentally produced antisera
show potent neutralizing activity against Junin virus; however, similar reagents
from Lassa fever convalescent patients show rather low neutralizing potency
unless complement is added to potentiate the effects of antibody (PETERS 1984).
Virus neutralization is discussed in depth in one chapter by C.R. HOWARD
in the accompanying volume in this series (134). From the brief treatment here
it is evident that more information about the molecular nature of neutralizing
antigenic determinants of arenaviruses is necessary before rational approaches
to immunotherapy and immunization can be made. Obviously one needs to
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Fig. 0. Summary o0 results oi competitive binding assay to map the epitopcs on LCMV glycoprotems.
Dilutions (10 -' - 10- -) of unlabeled competing antibod), were tested for their capacity to inEibit
binding of constant amounts of punlried. radiolabeled monoclonal antibodies. Combinations yielding
greater than 80% inhibition arc indicated by filled circles. 40%-80% by /hu/l/fi/lcd circles and less
than 40% by open circles. Using this assay four epitopes on GPI of LCM V-ARM (three on GPI
of LCM-WE) and three on GP2 have been defined. One of these. GPIA. "as the major virus-
neutralizing site recognized by mouse monoclonal and guinea pig polyclonal (GP anti-LCM) anti-
bodies to LCMV. Note also that the LCMV-ARM-spccific site GPI D 'has recognized by neutralizing
monoclonal antibodies produced against that virus in the rat (8-13. 8-40. and 8-55). On GP2 anti-
bodies WE 33.6 and 83.6 recognized a site termed GP2A which is common to both Old and New
World atenaviruses (BLCIHMEIER 1984)

define structure which will elicit strong protective immune responses without
the risk of triggering immunopathologic disease.

6 Pathobiological Role of Specific Viral Gene Products In Vivo

Viral polypeptides and their degradation products trigger many of the pathobio-
logic manifestations observed in arenavirus infections. In the lifelong persistent
infection of mice with LCMV a wasting syndrome has been well documented
which is characterized by the development of immune complexes composed
of viral antigen and antiviral antibody (OLDSTONE et al. 1980. 1983). These
complexes lodge in the renal glomeruli where they trigger a chronic glomerulone-
phritis. At least one component of the virus has been identified in the glomeruli
of diseased mice. Using a monospecific antibody to the NP of LCMV, Buca-
MHEER iltid OLOSIVtN1 (1978) demonstrated colocalization ol NP antigen and
the host glomerular mesangium.

A role of NP in neuronal dysfunction has also been proposed to occur
during LCMV persistence. RODRIGUEtZ et al. (1983) observed expression of NP
in association with polyribosomes in the cytoplasm of neurons from widespread

i • . .. .. . .. .. . .. . . .. . .. .. .. . . . . . . .. . . . .. . . . .. ..
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b

Fig. 7s, b. lmmunofluorescent staining of LCNIV GPI (a) on ependymal cells lining a veninculc
and ib) the choroid plexus of a C57BI .6 mouse infected 6 days earlier with LCMV-ARM. Staining
with FITC-conjugated monoclonal antibody to GPI. Original magnification x 250

areas of the CNS. In contrast, these workers found no significant expression
of Yi1al giycupiutciuib. it wa, speculated that the presence of NP on the neuronal
polyribosomes compromised their function (see FRANCIS et al., this volume).

Acute LCMV infection following intracerebral inoculation results in a fatal
choriomeningitis (reviewed in BUCItMEIER et al. 1980b). We have used mono-
clonal antibodies against individual virus structural proteins to study their ex-
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pression in the CNS following acute infection (BucHmEiER and KNOBLER 1984).
As is evident from Fig. 7. viral GPI is expressed on the apical surfaces of
ependymal cells in the CNS. At this site the glycoproiein (and perhaps also
other virally coded proteins) triggers the well-characterized immune response
which results in choriomeningitis and death.

F-inally, the role of the -viral L gene-encodcd proteins in pathogenesis has
recently been explored by RIVIERr, et al. (1985. this volume) using genetic reassor-
tants between strains of LC.MV that differed in virulence for guinea pigs. These
workers demonstrated that L RN A-encoded products were necessary for expres-
sion of the pathogenic potential of the virus. Each of these topics will he exam-
ined in detail in later chapters. It is clear from such studies that understanding
the molecular basis of' viral persistence and pathogenesis of' arenaviruses is an
attainable goal.
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We have used cDNA clones derived from the genomic S RNA segment of lymphocytic choriomeningitis virus (LCMV),
Armstrong strain, as hybridization probes to monitor virus gene expression during acute infections. Our results with
strand-specific probes confirm the ambisense character of the LCMV S RNA segment and document the presence of
both genomic sense and genomic complementary sense RNA species over the time course of infection. We have used
nucleotide sequence information to predict primary amino acid sequences for the major viral structural proteins,
nucleoprotein (NP) and glycoprotein (GP-C). Antibodies raised against synthetic peptides derived from these predicted
protein sequences have indicated that the gene order for the S segment is 3! NP - 5' GP-C and provided direct
demonstration that the GP- 1 portion of the GP-C precursor is encoded nearest the 5' end of the S segment. Comparison
of the predicted amino acid sequences for NP and GP-C between the Armstrong CA-1371 strain and the WE strain
shows over 90% amino acid identity. This suggests that significant differences descr;bed for the pathogenic potential
of the Arm and WE strains in C3H mice reside in one or a very few critical amino acid changes. C 1987 ACedemic
Presn, Inc.

INTRODUCTION 1985; Auperin eta!., 1986) have initiated cDNAcloning
experiments to define th• complete genetic potential

Lymphocytic choriomeningitis virus (LCMV) infection of the virus and to unc~erstand viral transcription and
of its natural host, the mouse, has served as an ex- replication mechanisms.
cellent model for virus-host interactions. Key obser- The genome of LCMV contains two single-stranded
vations from this system relate to virus-induced immune RNA segments (designated L and S, approximate
response disease (Rowe, 1954), detection of thymus lengths 8-9 and 3.5 kb, respectively) that encode es-
(T) markers on cytotoxic lymphocytes (Cole etal., 1972), sentially nonoverlapping genetic information. Common
requirements for both viral antigen and syngeneic host sequences identified at the 3' termini of L and S RNA
major histocompatibility proteins for cytotoxic T cell segments are believed to specify a recognition site for
recognition of virally infected cells (Zinkernagel and viral polymerase (Auperin et al., 1982) and/or a nucle-
Doherty, 1974), virus-induced immune complex dis- ation site for formation of ribonucleoprotein (RNP)
ease (Oldstone and Dixon, 1969), and lack of immu- complexes. The viral S RNA contains coding regions
nologic tolerance in persistent viral infections (Oldstone for the major structurai proteins: NP, an internal nu-
and Dixon, 1967). A novel mechanism of disease in- cleoprotein involved with RNP complexes and GP-C, a
duction caused by virus disruption of differentiated cell precursor glycoprotein which is cleaved to produce the
function, but without associated cell lysis, has also mature glycoproteins GP-1 ard GP-2 that are present
emerged from studies of the LCMV system (Oldstone on the surface of virion particles (Buchmeier and Old-
et 8l., 1982). Until recently, however, there was only stone, 1979; Riviere etal., 1985a). The L RNA is thought
!imited information available relating to the molecular to encode a high-molecular-weight (>150 kDa) poly-
biology of LCMV infection and the structural organi- merase or replicase molecule required for viral tran-
zation of the viral genome. We and others (Auperin et scription and replication. Information relating to the L
al., 1984; Romanowski et al., 1985; Clegg and Oram, RNA segment is still limited and further cDNA cloning

and sequencing experiments are required to determine
whether there is any additional protein coding capacity

-3 .... sto f,•r rer,,,, =,,ud be addressed within the L segment.
Present address Institut Pasteur, Oncologie ,irale, 75015 Paris, Several different strains of LCMV have been de-

France.
3 Present address: Department of Microbiology, University of scribed that differ with respect to (1) disease potential

Pennsylvania School of Medicine, Philadelphia, PA 19104. ;n experimentally infected animals (Dutko and Oldstone,
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1983; reviewed by Southern ard Oldstone, 1987), (2) cDNA synthesis and cloning
reactivity with LCMV-specific monoclonal antibodies(Buchmeier, 1 984), and (3) Ti oligonucleotide finger- Purified virion RNA preparations were used as tern-
preints 19utko and O(dto193).T oIonaddition, afyinger- plates for cDNA synthesis with either avian rnveloblas-prints (Dutko and Oldstone, 1983). In addition, a lym-

photropic variant virus has recently been characterized tosis virus reverse transcriptase (Boehringer-Mann-

that was selected by a single passage in vivo of the heim) or Moloney murine leukemia virus reverse tran-

parental LCMV Armstrong virus (Ahmed et al., 1984). scriptase (BRL) under conditions described by the

Nucleotide sequence information from different strains manufacturers. Priming of cDNA synthesis from viral

of LCMV and different members of the arenavirus family templates was achieved by (i) 3' polyadenylation of vi-

allows detailed comparisons at the molecular level and rion RNA with polynucleotide phosphorylase (Engel and

may eventually lead to identification of the processes Davidson, 1978) and subsequent annealing with a syn-

involved with disease potential and virus evolution. thetic dT8_,2 primer or (ii) annealing with a calf thymus

From reassortments of viral RNA segments, it has be- random primer (Taylor et al., 1976) or (iii) annealing with

come clear that induction of growth hormone deficiency sequence specifif7 oligonucleotides. Clones have been

disease in C3H mice s associated with the Armstrong isolated successfully from each of the primers but, in

S RNA segment and that the WE S segment has no general, it has been difficult to recover cDNA clones

capability of inducing the same disease (Riviere et al., longer than about 2 kb despite careful size fractionation
1985b). An explanation for this biological difference of the double-stranded cDNA prior to cloning (see be-
may now be forthcoming on the basis of a limited num- low). After alkali treatment to remove RNA templates,
mer of amino acid substitutions between the structural second-strand synthesis was initiated by looping back
beroftaminsof acid sustituong sbetwentest l within the single-stranded cDNA. Reverse transcriptase
proteins of the Armstrong and WE strains, and Klenow DNA polymerase I were used sequentially

MATERIALS AND METHODS in an attempt to ensure complete second-strand syn-
thesis (Maniatis et al., 1982). Double-stranded cDNA

Virus purification was treated with S nuclease to remove loops and any

Semiconfluent (30-50% confluency) monolayers of single-stranded tails and then treated with terminal
BHK-21 cells were infected with stocks of triple plaque- transferase with limiting concentrations of dCTP to add
purified LCMV strain Arm CA- 1371 at a multiplicity of homopolymer tails to 3' termini. Tailed, double-stranded
pifectieLC strain Arm 0. -1.Superatant mlulntipicity o cDNA preparations were passed over small columns
infection (m.o.i.) of 0.1. Supernatant fluids containing of sepharose CL4B to separate the cDNA according

virus were harvested 72 hr postinfection and virus was o se adonl fractonseparate th e ording

precipitated at 40 in the presence of polyethylene glycol to size and only fractions with estimated sizes over 500

(PEG 6000, 7.0% %-/v) and 0.375 M NaCI. Virus pellets bp were used for subsequent cloning. Linear pBR322,

were collected by centrifugation at 8000 rpm for 30 cleaved at the Pstl site and subsequently purified from

min and then resuspended in small volumes of TNE a preparative agarose gel, was similarly tailed with
(i 0n hn res-HCI pl-nded-1), in sm ll vou100me oNE) dGTP (Rowekamp and Firtel, 1980). The tailed cDNA(10 mM Tris-HCI, pl-' -), 1 mM EDTA, 100 mM NaCI) samples and pBR322 vector were annealed and then

The concentrated virus suspension was layered on top used to transform competent HB 101 cells. Transfor-

of a discontinuous renografin gradient (50, 35, and 10% as were ct ent presencelof tracyclin

v/v renografin in TNE) and centrifuged at 40 in an SW41 mants were selected in C presence of tetracycline
rotor for 75 rain at 35,000 rpm. Virus bands (clearly anthncliecoanngLMrcmbat as
ritibr for 75tm 35,1000 interpm.e) Virus banleeds (y s mids were identified by colony hybridization (Grunstein
visible at the 35:10% interface) were collected by side adHges 7)uighdoye,5 n-aee

puncture and diluted 1:1 with TNE before layering on and Hogness, 1975) using hydrolyzed, 5' end-labeled

top of a continuous 50-10% renografin gradient. The LCMV S RNA as a probe (Donis-Keller, et al., 1977).

continuous gradients were centrifuged in an SW41 rotor Plasmid DNA was purified from positive colonies by

at 40 for 12-16 hr at 30,000 rpm and the virus bands standard Triton-lysozyme lysis of bacterial cultures
followed by two successive bandings in cesium chlo-

were again collected by side puncture. The n ride-ethidium bromide gradients. LCMV specificity of
virus was pelleted by centrifugation in an SW41 rotor individual clones was confirmed by nick-translation la-

at 4' for 45 min at 35,000 rpm. The supernatant liquid beling in vitro and hybridization against total infected

was immediately removed and discarded and the virus cell RNA samples and control, uninfected cell RNA (see

pellets were restispended in cold TNE by gentle agi- text)

tation. Resuspended virus was extracted twice with Nucleotide sequencing
preequilibrated phenol and the releaseo viral RNA in
the aqueous phase was precipitated at -200 by the 3' and 5' end-labeled DNA fragments were used in
addition of 2 vol of ethanol the chemical sequencing technique (Maxam and Gil-
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bert, 1980). Sequences were determined on both DNA strand was left associated with the template DNA for
strands for more than 90% of the NP and GP coding the hybridization reactions and we found that a cross-
regions and independent, overlapping clones were an- linking step (Brown et al., 1982) could be omitted with-
alyzed to verity the accuracy of these sequences. out any adverse effect on the hybridization signal. Al-
Computer processing of sequence information used a ternatively, selected regions from the cDNA clones
VAX 11/750 computer and standard programs in con- were subcloned into SP6 vectors (Promega Biotech)
junction with the EMBL and Gent3ank databases. and these derivative plasmids were used as templates

for in vitro synthesis of labeled RNA probes (Melton et
RNA extraction and gel electrophoresis al., 1984). We have routinely removed G-C tails from

Cell monolayers were lysed by treatment with gua- the cDNA clones in the process of subcloning into SP6

nidinium thiocyanate (Chirgwin et al., 1979) and chro- vectors in order to minimize nonspecific backgroLund

mosomal DNA was sheared by vigorous shaking. Total problems when using these single-stranded RNA

cell RNA was purified away from DNA by pelleting probes.

through a cushion of 5.7 M CsCI. RNA pellets were
washed in 70% ETOH, redissolved in sterile water, and
precipitated by the addition of salt and ETOH. Samples Monolayers of BHK cells (75% confluency) were in-
of RNA were precipitated from ETOH, redissolved in fected at high multiplicity (m.o.i. 2-5) with the plaque-
sterile water, and stored in small volumes at -700. purified stock of LCMV and allowed to grow for 12 hr
RNA concentrations were determined spectrophoto- at 370. Actinomycin D (5 ,g/ml) was added to the cul-
metrically, ture medium for 1 hr and then the medium was re-

RNA samples (typically 10-30 jug) were denatured moved and replaced with 1/10 phosphate medium
with gyoxal (McMaster and Carmichael, 1977) and containing 1-2 mCi of [32P]inorganic phosphate. The
separated in 1 or 1.5% agarose gels in 10 mM NaPO4 , infected cells were incubated for an additional 4 hr at
pH 6.5. After electrophoresis, RNA within the gel was 370 and then the cells were trypsinized and lysed by
transferred directly to nitrocellulose filters (Thomas, dounce homogenization in the presence of NP40. After
1980) by capillary diffusion of bufer (20X SSC) at room a clearing spin at 10K rpm to remove nuclei and cell
temperature. Filters were baked at 80' in a vacuum debris, the supernatant was layered on top of a dis-
oven, prehybridized in 50% deionized formamide, 5x continuous sucrose gradient (2.5 M, 1.0 M, 0.5 M su-
SSC, 2.5x Denhardt's solution with 100 Mg/ml boiled, crose in 0.3 M NaCI, 5 mM MgCI2 , 0.05 M Tris-HC!,
sonicated salmon sperm carrier DNA at 370, and then pH 7.5, plus heparin) and centrifuged in an SW41 rotor
hybridized in the same solution either at 370 with nick- at 35K rpm for 90 mira (conditions adapted from Gough
translated probes (Rigby et -1., 1977) or at 550 with and Adams, 1978). A visible band at the 2.5 M/1.0 M
strand-specific RNA probes (Melton et al., 1984). Filters interface of polysomes, plus viral ribonucleoprotein
were washed (30 min each wash) initially in 2X SSC, complexes was collected by side puncture. This ma-
0.1% SDS at 370 (twice), then at 550 in the same so- terial was diluted fivefold in TNE, extracted once with
lution arid finaliy at 550 in 0.1 x SSC, 0.1% SDS, 0.1% preequilibrated phenol and then the aqueous phase
Tween 20, and exposed at -700 with Kodak XAR-5 was precipitated with ETOH at -20'. Samples of these
film and Cronex Lightning Fast intensification screens, labeled RNA preparations were denatured with glyoxal
After suitable exposure times, probes were stripped and analyzed on agarose gels. After electrophoresis,
from the filters by washing in 0.1x SSC, 0.1% SDS, the gels were dried onto DE81 paper and exposed for
0.1% Tween 20 at 85' for 2-3 hr, and then filters were autoradiography.
recycled with a different probe.

Peptides and antipeptide antisera
Synthesis of hybridization probes Detailed descriptions of the synthesis of peptides,

Restriction fragments from different regions of the coupling to inert carriers, and immunization strategies
cDNA clones were purified from preparative agarose will be published elsewhere (Buchmeier et al., 1987).
gels (Vogelstein and Gillespie, 1978) and then labeled Peptides were synthesized that correspond to regions
in vitro using Klenow DNA polymerase I in a modified of transition from hydrophilic to hydrophobic character
nick-translation reaction. Strand-specific probes were and antisera were screened, initially by ELISA against
initially prepared by subcloning purified cDNA restric- disrupted purified virus and then by Western blotting.
tion fragments into M 13 mp8 and mp9 vectors (Hu and Antigen-antibody complexes were detected with io-
Messing, 1982). A hybridization primer was used for dinated protein A and visualized by autoradiography
in vitro labeling under standard conditions. The labeled using Kodak XRP-1 film. In all cases, immunologic
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specificity was demonstrated by preincubation of an- or were fortuitously incorporated into virion particles.
tisera with the corresponding soluble peptide which This contaminating DNA potentially explains the source
effectively blocked any reactivity toward the target viral of non-LCMV, nonribosomal clones that have been re-
antigen. covered (P. J. Southern et oL, unpublished results).

These purified virion RNA preparations were used
RESULTS as templates for reverse transcriptase under standard

reaction conditions (Methods section). The cDNAs
Construction and identification of LCMV were then cloned into plasmid pBR322 and propagated
specific cDNA clones by transformation of Escherichia co/i HB101. LCMV

Samples of LCMV RNA extracted from purified virions recombinant plasmids were identified by colony hy-

routinely contained viral L and S RNAs and host ribo- bridization (Grunstein and Hogness. 1975) using puri-

somal 28 and 18 S RNAs in approximately equivalent flied viral S RNA as a hybridization probe. Positive clones

amounts (Fig. 1). A high-molecular-weight band was from this screening were rechecked for viral specificity

also sometimes observed (Fig. 1) that contained ran- by nick-translation labeling in vitro and hybridization to

domly sheared fragments of chromosomal DNA which nitrocellulose strips containing total cell RNA from

were either attached to the outside of virron particles t.CMV-infected and control, uninfected cells (Thomas,
1980). This hybridization analysis indicated two classes
of S derived cDNA clones by virtue of differential rec-
ognition of subgenomic RNAs (see Fig. 4 for example).
Overlapping DNA clones were identified by DNA-DNA
hybridization and common restriction sites have now
been used to reconstruct intact LCMV genes.

Analysis of information from nucleotide sequencing

We have used the chemical sequencing method
(Maxam and Gilbert, 1980) to determine the nucleotide
sequences of the LCMV S coding regions and then
deduced the primary amino acid sequences for these

D structural proteins. The nucleotide sequences were
L derived by >90% sequencing of both DNA strands and

28S 30-40% of the gene sequences were confirmed by
S sequencing independent, overlapping cDNA clones.

The complete nucleotide sequence of the LCMV Arm
genomic S RNA segment will be published elsewhere
(P. J. Southern et a/., in preparation). Direct RNA se-
quencing of purified LCMV virior RNA has confirmed
the accuracy and representative nature of the LCMV
cDNA sequence in the GP-C coding region (M. Salvato
and M. B. A. Oldstone, unpublished observations).

Assignments of the NP and GP coding regions were
established using synthetic peptide techniques (see
below). Despite signiticant differences in biological
properties (Dutko and Oldstone, 1983), the LCMV Arm
and WE sirair.s show extensive homology in primary
amino acid sequences for both NP and GP (Fig. 2). The

FIG. 1. Analysis of nucleic acids extracted from puntf.ecd LCMV viral n eqrens conta NP and residue
virions. Nucleic acid samples in sterile watervwere senarated by elec- viral nucleoproteins contain 558 amino acid residues
trophoresis in a nondenaturing 1% agai•.,' .eel formed on a micro- of wh:ch 534 are identical. Differences are scattered
scope slide Bands were v:sualized b, ._,,•,bronide fluorescence inroughout the length of the proteins and many of the
in ultraviolei lght. Lane 1: 1 Vo'a. cel, RNA i,• tininfected BHK changes involve conservative substitutions. The viral
Sand 18ne 2 0 9............ . UU, ,,, L,•V' 01i1011S 12 glycoprotein precursors contain 498 amino acid resi-
S and 18 S refer to host ribosomal RNA bands, L andS refer to LCMV
genomic RNA species. The hign-mo!ecular.Aeight ba .o D) contains dues of which 466 are identical. Again, differences are
cell DNA and consequently does rot hyb:rid'ze t-% labeled viral L or scattered throughout the length of the proteins and
S probes (data not shown). many of the changes are conservative. Changes which
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appear most likely to affect the structure of the folded 5). (Note that Fig. 5 does not faithfully reveal the relative
glycoproteins are listed in Table 1. amounts of the two subgenomic RNAs as different

sized restriction fragments were used to synthesize the
Gene mapping with antipeptide antisera respective NP and GP probes.) As the infection pro-

Computer analysis of the nucleotide sequences gressed bcth genomic sized and subgenomic S RNAs

identified potential protein coding regions within the were present in reduced amounts in the whole cell RNA

cDNA clones. Synthetic peptides, corresponding to dif- samples but the relative reduction was more marked

ferent regions of the predicted protein sequences, were for the subgenomic RNAs than for the full-length ge-

used to elicit polyclonal antibody responses in rabbits. nomic S species.

A peptide from the 3'coding region (residues 454-462) Hybridization to purified LCMV virion RNA with NP

in the S segment was shown to derive from NP, and GP region probes produced very low levels of signal

whereas antibodies raised against peptides from the from the subgenomic RNA species (Fig. 5). This finding

5' coding region showed specific reactivity with the vi- was reproducible with independent purified virion RNA

rion glycoproteins (Fig. 3). This experimental approach preparations but it is not clear whether low level en-

also demonstrated that, after cleavage, GP-1 is derived capsidation of presumptive mRNAs is essential f.-. virus

from the amino terminus and GP-2 from the carboxy infectivity or whether there is coincidental trapping of

terminus of the precursor GP-C molecule (Fig. 3). membrane-bound polysomes as virion particles form
and are released from the surface of infected cells.

Pulse labeling of LCMV RNAs during
acute infection Polarity of intracellular viral RNAs

Replication of LCMV is believed to be confined to Hybridization probes labeled by nick-translation in-

the cytoplasm of infected cells and there is no known corporate label randomly into both strands of a template

DNA state. Virus replication is relatively insensitive to DNA and it is not possible to use these probes to de-

actinomycin D (Buck and Pfau, 1969; Rawls et al., termine the polarity of RNA species that are detected

1976), a potent inhibitor of host cell transcription, and by hybridization. Therefore, strand-specific hybridiza-

we have taken advantage of this viral resistance to label tion probes were prepared in order to detect the pres-

intracellular viral RNAs selectively during an acute in- ence of full-length genomic complementary RNA (an

fection. Analysis of such labeled RNA preparations obligatory intermediate in the replication of genomic

showed incorporation of 31P into viral genomic sized L sense S RNAs) and to examine the polarity of subge-

and S RNAs and significant incorporation into two sub- nomic RNA species. The full-length genomic comple-

genomic RNAs that were slightly smaller than the host mentary RNA accumulated at late times (24-48 hr

18 S ribosomal RNA (Fig. 4). These subgenornic RNAs postinfection using an input multiplicity of 0.1 - 1.0 PFU

were presumed to be of viral origin because they were per cell) and was then present in approximately the

not detected in the control, uninfected RNA sample same amount as the full-length genomic sense RNA

and were therefore candidates for viral messenger RNA (Fig. 6). This figure also demonstrated that the sub-

(mRNA) species. The analysis of virion nucleic acid by genomic RNA derived from the GP coding region had

ethic•ium bromide fluorescence, however, did not show the same polarity as the genomic S RNA. Hybridizations

any significant accumulation of subgenomic RNAs in with strand-specific probes from the NP region have

virion particles (Fig, 1). established that the putative NP mRNA is complemen-
tary to the genome and therefore can be transcribed

Hybridization analysis of intracellular from the incoming genomic sense RNA in the virion

subgenomic RNAs (data not shown).

The subgenomic RNAs were characterized further DISCUSSION
in RNA hybridization reactions (Thomas, 1980) using

cloned cDNA probes derived from different regions of The arenaviruses were originally classified as neg-
the viral genomic L and S RNAs. Figure 5 shows the ative-strand viruses but, from cDNA cloning and se-
results from hybridization with either a nucleoprotein quencing and hybridization studies presented here and
or glycoprotein region-specific probe from the S seg- elsewhere (Auperin et al., 1984; Romanowski et al.,
ment and established that the two subgenomic RNAs 1985; Clegg and Oram, 1985). this now requires mod-
were derived from essentially nonoverlapping regions ification. The viral S RNA has an ambisense character
of the S RNA. The larger subgenomic RNA corresponds in which the NP mRNA is complementary to the ge-
to the NP region and may be present in somewhat nome (genuine negative-strand character) whereas the
greater amounts than the smaller GP region RNA (Fig. presumptive GP mRNA is in the sense of the genome

I -
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TABLE 1 cell membrane to initiate the budding process and the

SIGNIFICANT AMINO ACID CHANGES IN GP-C. absence or significant reduction (10- to 50-fold) of sur-
face glycoprotein for persistently infected cells both in

GP-C residue LCMV arm LCMV WE vivo and in vitro (Oldstone and Buchmeier, 1982: Welsh
and Buchmeier, 1979) cou!d now be explained in terms110 L P

133 T S
173 T S
174 F S 1 2 3 4 5 6 7 8 9 10 11
177 A P
181 a M

216 K Y
240 T R
253 S A

265 A S
313 A E 41 NP

GP-C residues 1-262 = GP 1, 263-498 GP-2. - 9 -GP-11 -G P-2

("pseudo-positive" strand character). This gene ar- -.
rangement is suggestive of a mechanism that might -

provide temporal regulation of arenavirus gene expres-
sion. The GP mRNA must be transcribed from a ge- - -•

nomic complementary RNA template and, as shown in A
Fig. 6, there are abundant levels of full-length genomic
complementary RNA at late times in acutely infected -
cells. Therefore, the accumulation of this full-length i U
complementary RNA species can be explained be-
cause it is required both as a replication intermediate
for the synthesis of progeny genomic sense RNAs and
as a template for GP mRNA transcription. A similar am-
bisense coding arrangement has also been described S RNA
for the genomic S RNA of the phlebovirus, Punta Toro ' . ;
(Ihara et al., 1984). NP GP-2 OP-1

The accumulation and subsequent reduction of FiG 3. Detection of LCM vlrion proteins in Western blotting ex

steady-state levels of genomic-sized RNA and the two periments using antipeptlide antibodies. Proteins from purified LCM

subgenomic RNAs may provide some indication of the virions were separated by electrophoresis through an SDS-poly-
molecular basis for viral persistence. After a peak of acrylamide gel and then transferred by eiectrobloitting to a nitrocel-

lulose membrane After transfer, the nitrocellulose was cut into strips

progeny virus production there is a reduction in the and incubated with rabbit antibody preparations (1:50 dilutions) as

release of infectious virus from infected cells and even- indicated below Prebleed serum samples were oblained from each

tually production of infectious virus usually ceases as rabbit prior to immunization with the specific peptide. Recognition

the cells enter into a state of long-term persistent in- of specific viral proteins was blocked by preincubating antisere with

fection (Welsh and Oldstone, 1977; Welsh and Buch- 40 pig of the homologous peptile. Antigen-antibody complexes were
detected with iodinated protein A and bands were visualized using

rneier, 1979). The observed reductions in release ot Kodak XRP-1 film. The figure represents a composite of different

infeutious virus at late times during acute infection and exposure times for the various antibody preparations but all of the

during persistent infection may be a direct reflection of strips came from the same gel and were processed simultaneously

primary reduction in viral replication and transcription. Lane 1, prebleed. lane 2. antipeptide NP 454-462: lane 3. ant:peltide
The afbisense coding arrangement for the genomic NP 454.462 preincubated with the i;pecific peptide; lane 4, prebleed;

lane 5, antipeptide GP-C 104-121 lane 6. antipeplide GP-C 104-121
S RNA segment suggests a mechanism whereby re- preincubated with the specific peptde, lane 7, prebleed; lane 8, en-
duced viral replication (specifically, a reduction in the tipeptide GP-C 483-498, lane 9, antipeptide GP-C 483-498 prein-
level of full-length genomic complementary RNA) would cubated with the specific peptide, lane 10. oolvcional guinea oig
limit the ava~iability of template RNA for glycoprotein anti-LCMV antiserum; lane 11. normal guinea pig serum. The lower

RNA synthesis (Auperin et /., 1984). part of the figure shows the positions of the coding regions for NP.
messenger R. OP-1, and GP-2 witrin the genomic S RNA segment The actual

Clearly, formation of infectious virion particles is de- locations of the pepAid-" are marked on the amino acid sequenmes

pendent on the presence of viral glycoprotein in the in Fig. 2.
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to be viral messenger RNAs. Auperin and colleagues
!9 > (1984), working with Pichinde virus RNAs, have shown
Q 2 X by in vitro translation that the larger intracellular sub-o • 4 genomic RNA can support NP synthesis. Equivalent,

direct demonstration of coding potential for the smaller
subgenomic RNA is not currently available but all the
hybridization, sequencing and synthetic peptide ex-

- L periments link this RNA to GP. The subgenomic RNAs
1 are not retained on oligo(dT)-cellulose under standard

conditions and there does not appear to be any poly-
-28S adenylation signal within the viral RNA templates. Ex-

periments are now in progress to examine sequences
at the 5' and 3' termini of these subgenomic RNAs to

-S identify precise sites of transcription initiation and ter-
mination and to evaluate the role of an intergenic hairpin
region (Auperin et al., 1984) in transcription termination
and possible stabilization of the mRNAs at the 3' end.

S18S Antibodies raised against synthetic peptides have
aligned open reading frames detected in the nucleotide
sequences with actual viral proteins. Using these tech-
niques, we have confirmed the S gene order as 3'
NP -, GP-C 5' and have found that GP-1 comprises
the NH2-terminal portion and GP-2 the COCH-terminal
portion of the precursor GP-C molecule. Other exper-

FIG. 4. Analysis of in vivo-labeled LCtV intracellular RNAs Cells

"were pulse labeled wth [3 ?P]inorganic phosphate for 4 hr at 12-16
hr postinfection (m.o-i approximately 3) and intracellular RNP/poly- -

some complexes were purilied as described under Methods. RNA - -

sampies were denatured with glyoxal and then electrophoresed in -
an agarose gel. The gel was then dried and exposed to X-ray film.
Mock: uninfected BHK cells treated with act;nomycin D and "zP.
LCMV: LCMV-infected BHK cells treated with actinomycin D and "P.
Marker. LCMV-infected BHK cells treated with "P but without aclt-
nomycin D L and S refer to viral genomic RNA segments: 28 S and
18 S refer to host ribosomal RNAs. Noie the presence of two viral- -S

specific subgenomic RNAs just below the 18 S ribosomal marker
band

of reduced viral replication. We have begun to analyze mftN .-
S~mftNA

LCMV intracellular RNA in long-term persistently in-

fected tissue culture cell lines and have evidence for
genomic sized RNAs and low levels of subgenomic,
presumptive mRNA species. However, we have also
detected in these same cell lines, at much higher
abundance than the mRNAs, novel subgenomic RNAs
that are candidates for defective or defective interfering A

RNA species. Parallel experiments analyzing viral RNAs FIG. 5. Time-course analysis .,.I intracellular S RNAs. Monolayers

extracted from tissues of persistently infected mice (S. of RHK cells were infected with LCMV (m o i approximately 1) and

J. Francis, M. B. A. Oldstone, and P. J. Southern, manu- jysed at the indicated times by treatment with guanidinium thiocya-

script in preparation) have shown a heterogeneous nate. Total cell RNA was recovered by Delletict through CsCI. RNA

population of viral RNAs but with detectable levels of samples (20 jg) were denatured with glyoxal. separated according
to size by electrophoresis in an agarose gel, and then were transferred

the subgenomic mRNA species. to a nitrocellulose filter. The filter was iybridized sequentially with

The intracellular S, subgenomic RNAs that are readily n;ck-translated probes spec,fic to the NP region (A) and the GP region

apparent in acute virus infections (Figs. 4-6) are likely 1B) Purified virion RNA (30 ng) (LCMV) was included as a marker.
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OP S PROBES
A C WE/A

S --

mA NA

NT GS GC

FIG. 6. Strand-specific hybridization to LCMV intracellular S RNAs. Total infected cell RNA samples were purified. electrophoresed. and

transferred to a nitrocellulose filter (see Methods and legend of Fig. 4 for de ;,Is). The filter was hybridized sequentially with a nick-translated
probe (NT) and two M 13 strand-specific probes. genomic-sense probe (GS) aný. gp;iomic complementary-sense probe (GC) All three probes
were derived from the same cDNA clone covering the central porlion and COOH terminus of GP- 1. A. LCMV Arm-infected BHK cells. C. control.
uninfected BHK cells. WE/A: BHK cell RNA from infections with two independent clones of the reassortant virus LIS = WE/Arm (see Riviere et
a/. 1985b, for details).

iments have extended these peptide mapping studies Ms Kaleo Wooddell, and Mrs. Gay L. Schiliing for excellent technical

to pinpoint the cleavage site within the GP-C precursor and secretarial assistance.

at residues 262-263 (Buchmeier et al., 1987).
The extensive amino acid homology between the REFERENCES

LCMV Arm and WE strains suggests that a limited AHMED, R.. SALMI, A., BuTLER, L D., CHILLER. J. M. and OLOSTONE.
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( Lymphocytic Choriomeningitis, Mouse

Kathryn E. Wright and Michael J.Buchmeier

Gross Appearance Ultrmstnacture

*Tissue from the central nervous system of affect. The major ultrastructural feature of the acute Ie-
ed mice undergoes no alteration which is recog- sion is the presence of electron-dense intracyto-
nizable macroscopically. plasmiic inclusions of polyribosomes in the ep-

ithelial cells of the choroid plexus and other
affected areas. Infected epithelia] cells appear
normal in all other respects. Enveloped vinions

Microscopic Features containing multiple electron-dense granules
characteristic of the virus car, be observed bud-

The classical lesion of lymphocytic choriomenin- ding into the cerebrospinal fluid from the micro-
gitis occurs in adult mice only and is character- vi,'lus surfaces of the choroid plexus (Walker et
ized by extensive infiltration of mononuclear al. 1975). Inizltrating mononuclear cells accumu-
cells into the meninges and choroid plexus late at the enidothelial basement lamnina and be-
(Rivers and Scott 1936; Lillie and Afrmstrorig neath the basal margin of choroid epithelial cells
1945). Infiltration is focal, and reports differ as to and in general, are rresent in areas where virus is
whethcr the third and fourth (Lillie and Aim- budding (Walker v-t al. 1975). The architectures of
strong 1945) or the lateral ventricles (Walker et the rneninges and choroid plexus are normal and
at. 1975) are more affected. The ventricular without ultra-structuralty evident lesions (Walker
spaces can contain both polymorphonuctear and er al. 1975). Reports conflict regarding the pre-
mononuclear cells (Tosolini and Mimns 1971; sence (Doherty and Zinkernagel 1974) or ab-
Walker et al. 1975). Inflammatory cells are rarely sence (Walker et at. 197,5) of edema.
observed in the pirenchyma except for some per-
ivascular cuffing of b!ood vessels in mice that
survive the major lesion (Rivers and Scott 1936: Differential DhIognosLr%
Walker et al. 1975). Necrosis of the neurons' is
equally rare (Walker et al. 1975). T he spinal cord Acute lymphocytic choriomeningitis is unlIikely
is generally free from disease, but occasionally to be confused w,,;th other diseases. The charac-
somt mononuclear infiftration of the meninges, teristic lesion develop5 only aifter intracranial in-
can be nouted (Rivers and Scott 1936; Lillie and fection of adult immunocornpetent mice with the
Ari-strong 1945). specific virus. Outward symptoms appear at
A second lesion in the cem.rall nervous system day 4 of 5 after infctiion, depending on the viral
can occur in young mice if infected at 4 days of dose, and include ruffling of the fur, a hunched
age (Cole ec al. 1971; Cole and Nathanson 1974). posture, and facial edema. These symptorrs
7n addition to acute chociomeningitis, cerebellar wom~en, the animal loses weight and becomres
granule cell necrosis with some hemor~rhage is sluggish and sensitive to loud noises. Death oc-
obser~ied. There is infl~mmation of neu-ral me-m- curs Pt day 7-9 of tonic convulsions with extend-
brances and smnall vressels (Cole et al. 1971; Cole ed rciar limbs, flexed forelimbs, and t~ora~ci
ane. Nathanson 197/4). Similar lesions can also be spine. Ch.~ractcristic tonic convulsions can be in-
seev, in the cerebral cortex, hippocam-pus, and oi- duced in symptomatic mice by spinning them by
faictory bub (Cole and Nathanson 1974). tie tail. Infection with some strains of w-urine
Mlic: infected wifIi the cau'sative agent lymnpho- hepatitis virus and anaphylactic shock can lead
cytic choriumernirgitis virus congenitally or tico- to similar signs (Hotchin 1962); however, no oth-
natally cari be pe~sistently infected -without overt er condition ressults in the mononuclear in-filtrate
gross o; microswpic lesions. Indeed this obser- observed after intracranial infection with the vi-
vation, first mitce by Traub (1936 a, b), was tht. rus. Inoculation of blood or tissue. homogenates
first description ol' a persistent virus infection. from infected animals intracranially to adult
This virus has beern !he subject of a large number mice will result in the disease whereas the same
of experimental studies which ha.ve illuminated material will cause asymnptomatic persistent in-
basic voncepts in biology (IBachmeier at al. 1980). fection in neonates. Diagnosis of infection can be
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pression or lymphocytic choriomeningitis viral antigen in W
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rnfirmed most readily by detection of cytoplas-
mic viral nucleocapsid protein antigen in the
brain and other tissues by immunofluorescence
"vith virus-specific antiserum. Demonstration of
characteristic intracytoplasmic inclusions in neu-
rons and budding virions from ependymal cells
are helpful, but require electron-microscopic ex-
amination.

Biologic Features

.\arura Hiso." and Pathogenesis. Lymphocytic
c',,.. .ri> t•.•v' '3\;..s lfter in-

tir.ranial infecion of adult. immuno-compnetent
mice \\ith the \irus. Viral antigen is first detected S

in the meninges and choroid plexus around
da• 2 post infection kFic.209): b\ da. 4 or 5
nearly all epithelial cells in both tissues are in-
ricced k\\alker et al. 1975) (Fie.210). The first
sicns of cellular infiltrate occur in the meninges
at day I or 4 (Fig.211) and extend to the choroid
plexus b\ day 6 (Fig.212). The ventricles may al-
so 'ontain inflammatory cells at this point (Lillie
and Armstrong 1945, Walker et al. 1975). Death
occurs at day 7-9. In surviving animals, inflam-
matory cells may progress into the parenchyma, Fig.213. Thy 1.2 positive lymphocytes in an inflammato-

but this phenomenon is never extensive (Rivers ry lesion in the ventricle of a mouse infected 7 days earlier
and Scotthis pheno3 enon W ser et ei al. . with lymphocytic choriomeningitlis virus. Rat anti-thy 1.2

staining visualized with FITC-conjugated mouse anti-rat

Dexelopment of the lesion requires competent IgG. x400
cellular immunity. Suppression of the cellular
immune response in adult mice by irradiation
(Rowe 1956), neonatal thymectomy (Rowe et al.
1963), or treatment with antithymocyte sera tis virus by the intracranial route. Inoculation of
(Hirsch et a!. 1966) or cyclophosphamide (Gilden adult mice by a peripheral route usually results
et al. 1972) abrogated the disease and the mono- in an asymptomatic infection that is rapidly
nuclear infiltrate associated with it. Transfer of cleared. However, certain strains of the virus
immune T splenocytes but not immune serum to cause extensive lesions in the viscera and death
these infected mice resulted in disease and death after intraperitonail infection (Lehmann-Grube
(Cole et al. 1971, 1972. Cole and Nathanson 1971), and certain strains of mice are particularly
1974). T cells expressing cytotoxic function have susceptible to neonatal infection and appear to
been implicated in causing the disease as lym- die due to hormonal imbalances (Cldstone et al.

phocytes expressing the T"cell antigen, Thy 1.2, 1982). Aithough virus is reported to reach the
and having lymphocytic choriomeningitis virus- central nervous system in adult animals infected
specific cytotoxic activity in vitro have been iso- peripherally (Rivers and Scott 1936), only occa-
lated from the central nervous system of mice sionally is slight meningitis o- choroiditis ob-

with lymphocytic choriomeningitis (Zinkernagel served (Lillie and Armstrong 1945).

and Doherty 1973). Cells expressing Thy 1.2 can Inoculation of neonatal mice by all routes results

be observed in infiltrates in the ventricular spaces in a life-long persistent infection that mirrors the

(Fig. 213). peristent infection observed in mice in the wild
(Hotchin 1962: Casals 1984) Infectious virus and

Edoilt.v and Frequcy.n. Classic lymphocytic cho- viral antigen can be detected in most tissues of

riomeningitis can only be induced experimental- the body, including the brain, until death. The

ly by inoculation of immunocompetent mice distribution of viral antigen in the brains of car-

with the arenavirus, lymphocytic choriomeningi- tier mice is distinct from that observed in acutely
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• • . ,.." ••'I . ' tions and/or excreta from infected mice (Traub
V~ -,'i,1936b, 1939). The distribution of viral antigen

and lack of microscopic lesions in animals infect-
- ed in utero arc indistinguishable from animals

".4 experimentally infected neonatally (Wilsnack
"and Rowe 1964).

$ . ..J Comparison with Other Species

The natural reservoir for the virus is feral mice,
but occasionally laboratory mice become infect.
ed through experimental or accidental introduc-

i I tion of the virus or virus-infected tumor cells
. '..5 (Parker 1986; van der Zeijst et al. 1983). Once the

A . (infection is established in a colony, it is perpetu-
# 4,8 ated by congenital and/or vertical transmission

* to offspring. Persistent infections also occur in
* hamsters with both vertical and horizontal trans-

O , mission (Parker et al. 1976). When young ham-
,. • sters are inoculated, infection persists with pro.

" longed viruria; older animals tend to clear
infection (Smadel and Wall 1942; Lewis et al.

4 1965). There are no reports of pathologic lesions
within the central nervous system in infected
hamsters.

Fig.214. Persistent lymphocytic choriomeningitis virus Humans can also become infected although they
infection in conical neurons of a mouse infected neona- rarely transmit the disease (Parker 1986). The
tally 4 months earlier. Abundant viral antigen is evident in
neuronal cell bodies throughout the cortex by this time. means of human infection is through contact
Monoclonal antibody to viral nucleocapsid protein de- with infected rodents, pet hamsters being a par-
tected with guinea pig peroxidase antiperoxidase (PAP). ticular source in recent years (Buchmeier et al.
(Courtesy Dr. M.Rodriguez.) x250 1980). Generally the virus infection is asympto.

matic or produces a nonmeningeal influenza-like
illness in man. Less frequent severe cases may
occur as aseptic meningitis and meningoence-

infected adult mice. There is extensive infection phalitis (Scott and Rivers 1936; Buchmeier et al.
of neuronal cells in the parenchyma, and, as ani- 1980; Casals 1984).
mals age, more neurons and Purkinje's cells be- Neural lesions can be induced in rats if infected
come infected (Mims 1966; Rodriguez et al. at an early age (Cole et al. 1971). Rats inoculated
1983) (Fig.214). At later stages, immune corn- intracranially with the virus prior to 14 days of
plexes can be demonstrated in the brain (Old- age developed marked cerebellar hypoplasia
stone 1984). One study claims that persistently with minimal inflammation. Treatment of suck-
infected carrier mice display behavioral abnor- ling rats with antithymocyte serum prevented
mralities (Hotchin and Seegal 1977), but most cerebellar lesions, hence the lesion appeared to
strains of mice show no discernable signs until be immune mediated. Guinea pigs, monkeys,
late in life when they develop a wasting syn- and dogs have been infected experimentally, but
drome due to immune complex disease (Hotchin little has been done to examine the lesions in the
1962). Histologically, at all ages, the brains of central nervous system after infection (Parker
carrier mice are normal, with only occasional 1986).
slight meningitis shortly after infection (Traub
1936a) or mild perivascular round cell infiltrate
(Oldbtone and Dixon 1970).
In the wild, infection is passed vertically from
mother to offspring in utero or, less likely, by na-
so-oral infection after oontact with nasal secre-
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The arenavirus genomic L RNA segment represents approximately 70% of the viral genetic material but current
understanding of the organization, regulation, and functioning of the viral L products remains limited. Biological
studies with reassortant viruses have implicated the L RNA segment in the lethal infection of adult guinaa pigs
produced by LCMV-WE but no further explanation of the pathogenic process is presently available. We have initiated a
detailed molecular analysis of LCMV L products based on construction and characterization of L-specific cDNA clones
and synthesis of L-specific hybridization probes. Nucleotide sequencing studies have allowed the derivation of a partial
amino acid sequence for a predicted L protein and antisera raised against synthetic peptides have demonstrated an L
protein in Western blotting experiments. Using this approach we have identified a single high molecular weight protein
(approximately 200,000 Ds) in purified virions and in viral ribonucleoprotein complexes extracted from acutely infected
tissue culture cells. This L protein is translated from a nonpolyadenylated, genomic complementary L mRNA and
potentially represents part or all of the viral RNA-dependent RNA polymerase. e iaet Academic Pre•s, Inc.

INTRODUCTION little is known about the genetic potential and expres-
The genome of lymphocytic choriomeningitis virus sion of the genomic L RNA segment that -epresents

(LCMV) contains two single-stranded RNA segments, approximately 70% of the total viral genetic informa-
designated L and S, of approximate lengths 8-9 and tion.
3.4 kb, respectively (Pedersen, 1971; Vezza et al., The L and S genomic RNA segments contain es-
1978). The S RNA segment encodes the major viral sentially nonoverlapping coding information. There are
structural proteins: an internal nucleoprotein (NP) that short common sequences extending over approxi-
is associated with the viral RNAs in ribonucleoprotein mately 30 nucleotides at the 3' termini of the L and S
complexes (RNP) and two surface glycoproteins (GP-1 segments (Auperin et al., 1982a, b) that are presumed
and GP-2) (Veza et al., 1980; Harnish et al., 1981, to specify a recognition site for the viral polymerase
1983; Riviere et al., 1985a) that are derived from post- and/or a nucleation site for the formation of RNP com-
translational cleavage of a precursor species (GP-C) plexes. The sequences of the 5' and 3' termini of the
(Buchmeier and Oldstone, 1979). The L RNA segment genomic S RNA segment are complementary (Auperin
is believed to encode a high molecular weight protein, et al., 1984). This arrangement would be expected
the L protein (Harnish et al., 1983)-a putative viral from current thoughts on the mechanism of RNA repli-
RNA-dependent RNA polymerase. In this paper we cation of single-stranded RNA viruses (reviewed by
present direct evidence for a 200-kDa L protein en- Strauss and Strauss, 1983) and the same terminal se-
coded at the 3' end of the LCMV L RNA segment. quence arrangement is anticipated for the L segment.

There have been several recent reports on the geno- The sequence complementarity at the RNA termini
mic organization and expression of the S RNA seg- may also have functional significance for RNA encap-
ment of LCMV, ,,nd other closely related arenaviruses, sidation into virions.
that have described an unusual ambisense gene cod Recent investigations into the pathogenic potential
ing arrangement (reviewed by Bishop and Auperin, of different LCMV strains have served to illustrate the
1987). The NP mRNA is complementary to the 3' half importance of studying the genomic L segment for a
of the genomic S RNA segment whereas the GP complete understanding cf the processes and conse-
mRNA, transcribed from the 5' half of the genomic S quences of virus infection. Riviere and co!leagues
RNA, is in the sense of the genome (i.e., "pseudo-pos- succeeded in isolating genomic RNA segment reas-
itive" sense arrangement). In comparison, relatively sortant viruses derived from the parental LCMV-Arm-

strong and LCMV-WE strains and demonstrating that
Present address: Department of Virology. Karoinska Institute. the lethal disease induced in guinea pigs by LCMV-WE

Stockholm, Sweden. was associated with the WE L RNA segment (Riviere et
2 To whom requests for reprints should be addressed. al., 1985b). At present, it is not clear whether the L
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gene product(s) is directly pathogenic or whether the [-y-)2 P]ATP and termina! transferase with [a- 32PjddATP
LCMV-WE viral polymerase supports more rapid and/ were used for 5' and 3' end labeling reactions respec-
or more efficient virus replication in the guinea pig. The tively.
resolution of this and other unanswered questions will Computer analysis of the nucleotide seque; ,.,d
be greatly facilitated by molecular studies of the LCMV predicted amino acid sequences was performed using
genomic L RNA segment. the Align, Search, and Relate programs distributed by

the National Biomedical Research Foundation,
METHODS Georgetown University Medical Center, Washing-

ton D.C.
Tissue culture cell- rus stocks

Anti-peptide antibodies and Western
Monolayer c BHK-21 fibroblasts were botingepeiments

maintained in Dulb, .3 modified Eagle's medium blotting experiments

(DMEM) supplemented with 50/6 fetal calf serum. High Details of the experimental procedures for peptide
titer preparations of LCMV were obtained by infecting synthesis and purification, coup!ing to carrier proteins,
semiconfluent monolayers (30-50% confluency) of and the immunization strategies to raise polyclonal
BHK-21 cellsat a multiplicityof infection (m.o.i.) of 0.1. antipeptide antisera in rabbits have recently been
The virus inoculum for these infections was a triple published (Buchmeier et al., 1987). Samples of purified
plaque-purified stock of LCMV strain Armstrong CA LCM virion proteins or cytoplasmic extracts enriched
1371 (our clone 5-3B) that had been further amplified for intracellular ribonucleoprotein complexes (Hill and
by one cycle of infection in BHK cells. Virus in the Summers, 1982) were separated by electrophoresis in
supernatant medium was harvested after 72 hr and SDS-polyacrylamide gels using standard Laemmli
centrifuged to remove intact cells and any debris, conditions with a 3% stacking gel and a 7% separating
Samples of this clarified supernatant were stored in gel. All gels were run with one end lane containing
small volumes at -70' for subsequent rounds of virus protein molecular weight markers (Bio-Rad). After elec-
infection. The titers of infectious virus in these stocks trophoresis, proteins in the gels were transferred eiec-
were measured in plaque assays performed on CV-1 trophoretically onto 6.2-pm nitrocillu!ose filters
cell monolayers. Virions were purified from clarified (Schleicher & Schuell) either overnight at 250 mA or for
tissue culture supernatants by precipitation with PEG 4-.5 hr at 500 mA using a recirculation cooling system.
6000 followed by centrifugation in renograf in gradients The protein marker lane was then cut from the re-
as described previously (Southern et al., 1987). mainder of the filter and stained briefly in amido black

to monitor the efficiency of transfer of the myosin corn-
Construction and characterization of cDNA clones ponent in the marker (approximately 200,000 mol wt).

When the transfer of myosin seemed poor, then the
Mixtures of L and S RNAs, extracted from purified filters were not processed further.

virions, were used as templates for reverse transcrip- The filters were preblocked in 201b skimmed milk
tase with a calf thymus random DNA primer (condi- powder in PBS with 0.05% Tween 20 (B!otto; Johnson
tions described in detail in Southern et al., 1 987). Dou- et al.. 1984) by incubation overnight at 40 and then
ble-stranded cDNAs were cloned into the Pstl site of treated with antibody (normally a 1; 100 dilution) at 370
pBR322 and then transferred into Escherichia co/i for 1 hr. Excess antibody was removed by washing in
HB 101. L-specific cDNA clones were identified in col- Blotto and bound immunoglobulin on the filter was
ony hybrization experiments with a 32 P-labeled L probe detected with iodinated ý25 1-Staphylococcus aureus
that was prepared by partial alkaline hydrolysis of gel- protein A. After extensive washing in Blotto to remove
purified L RNA followed by 5' end labeling with the excess radioactivity, the filters were dried and ex-
["-32P]ATP and polynucleotide kinase. Positive colo- posed to Kodak XAR-5 film with Cronex lightning fast
nies were picked and L broth cultures were grown for intensification screens at -700
small scale plasmid DNA preparations These DNA
samples were used for analytical restriction mapping
and for 32P-labeled probe synthesis by nick-translation Preparation of strand-specific hybridization probes
labeling reactions in vitro. The probes were hybridized A 330-bp fragment (EcoRI to Hindlll) from L122 was
will I Iiiueiiuiuse strips curitaiiiing totali ceii RNA from subcioned into tne pSPb4 and pSP65 vectors and
virus-infected and control, uninfected cells (see samples of the hybrid plasmid DNAs were cleaved
below). Nucleotide sequencing was performed on respectively with EcoRl and Hindlll. 32P-Labeled RNA
both DNA strands using the chemical method (Maxam probes were synthesized in vitro according to stan-
and Gilbert, 1980). Polynucleotide kinase with dard conditions (Melton et al., 1984). In a typical reac-
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tion, 50-100 ng of DNA template produced 1-5 x 108 cloned into the Pstl site of pBR322 using the G-C ho-
cpm of labeled RNA. mopolymer tailing technique. After transformation of E.

Viral RNA samples for hybridization analysis were co/i HB 101, L-specific clones were identified by colony
prepared either by pnenoi extraction of purified virions hybridization using kinase-labeled L RNA as a probe
or by disruption of infected cells with guanidinium (Southern et al., 1987). Individual positive colonies
thiocyanate (GTC) (Chirgwin et al., 1979). The RNAs were picked for small-scale plasmid DNA preparations
were denatured with glyoxal (McMaster and Carmi- and the cDNA insert sizes were assessed by Pstl di-
chael, 1977). separated by electrophoresis through gestion and agarose gel electrophuresis. Recombi-
agarose gels, and then transferred by capillary flow of nant plasmids were individually rechecked for L se-
buffer (20x SSC) onto nitrocellulose membranes (0.45 quence content by labeling the plasmid DNA in vitro
um, Schleicher & Schuell) (Thomas, 1980). After bak- and subsequent hybridization to total cell RNA from
ing at 800 in vacuo, the filters were prehybridized at acutely infected and control, uninfected cells. A small
370 for at least 4 hr in 50% deionized formamide, 4x percentage of the plasmids that had been picked as
SSC, 2X Denhardt's solution, 150 mg/ml boiled soni- positive by colony hybridization did not show the ex-
cated carrier salmon sperm DNA, and 100 gg/ml yeast pected viral specificity in this second screening and
RNA. Hybridization reactions were performed using a were subsequently discarded.
fresh preparation of the same solution at 550 for The experiments presented in this paper relate to
18-24 hr with 3-10 X 10" cpm of -"P-labeled RNA. three nonoverlapping L-specific cDNA clones, L122,
Filters were initially washed twice? at 370 in 2x SSC, L39, and L123. L122 is derived from the 3' portion of
0. 1% SDS and then at 600 in the same buffer (300 ml the genomic L RNA segment whereas L39 and L 123
buffer/wash, 30 min/wash). A final, stringent wash was appear to come from the central portion of the L RNA.
performed at 60' for 30 min in 0.1X SSC, 0.1% SDS A typical hybridization pattein produced by random
Tween 20. The filters were then set up for autoradiog- primer labeling (Feinberg and Vogelstein, 1983) of an
raphy using Kodak XAR-5 film and Cronex lightning L122 probe is shown in Fig. 1. This probe detected a
fast intensification screens at -700. After suitable ex- single high molecular weight RNA in samples of
posure times, the hybridization signal was stripped by acutely infected cell RNA and purified LCM virion RNA;
washing foi 2-3 hr at 900 in 0.1x SSC, 0.1 % SDS, there was no detectable hybridization to uninfected
0. 1% Tween 20 and then the filters were prehybridized cell RNA.
again prior to hybridization with a different probe.

Extraction of total cell RNA and oligo(dT) 1 2 3
cellulose chromatography

Semiconfluent monolayers of BHK cells were ;n- L
fected with the LCMV-Arm virus stock (m.o.i. = 0.1)
and lysed 72 hr postinfection by treatment with GTC.
Total cell RNA was recovered by pelleting through a
cushion of 5.7 M cesium chloride. The RNA was re-
dissolved in sterile water, prectpiated with ethano:,
and then stored at -70' in sterile water. Samples of
these RNA preparations were chrornatographed on
sma:l oligo(dT) cellulose columns (Type III cellulose,
Collaborative Research) under standard conditions
Part of the retained RNA fraction was set aside for gel
electrophoresis while the remainder was rechromato-
graphed over a second oligo(dT) cellulose column (see FIG. 1. H-Oridizahion to LCMV L RNAs ,with an L-spcific probe

Fig. 6). labeled randomly in bomn DNA strands. Purified PNAs were dena-
tured v,,th giyoxal and separated by elect.ophoresis in a 1 5% agar-

ose gel McMaster and Carmichael. 1977) RtJAs wihiri the gel were
RESULTS transferred to a nitrocellulose filter (Thomas. 19801 by capillary flow

o! bufle' (20x SSC) and then t'e filter ,as hybridized with a labeled
Characterization of L-specific cDNA clones probe from clone L 122 (the Ps.' fragment. nucleotides 429-697 plus

Purified preparations of LCMV virion RNA (Arm- the (dC), ta-,) Lane 1, 8 wg total cell RNA from BHK cells acutely
strong (A 1371 strain) were used as templates for intected •itn LCMV. iane 2. 8 ,g control. uninfected BHK cell RNA,

lane 3. 0,5 ug purified LCMV virion RNA These L.,rions vwere har-

reverse transcriptase with a calf thymus random oli- vested from the supernatant medium at the time of extraction of the

gonucleotide primer Double-stranded cDNAs were total BHK cell RNA used in lane 1
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cDMA Clone L.122

® ArqASPL4UTy rP04Ly*1AUtA4.310T.yrS*rAe~fl01Mt-0uLYeV&~Ph4cuO

T-AQ AGACC.PAT-tCAAM C lIICAGT A-rakA.:CXAA:Gý5AG AAA S 7MITnG

lijSerC10?yrphargtAuCy*41Iu3.rLaL4U.hyrhrtO 1A~pLytArqO*rClym
1- ---------------- !------------ !-------1r.. I

,L; C.EGAATATrflACACT-C.TGA.TC0^CC)AGACTaACTAT3ACAACC-3TCCCS-A oDNpA Clone L.39

12 *tkasp~erMetLys@l*IALY..GASpl8AqthX lesrAp&u l.~~g® cyelAuzAuvulvalGlyw~uSerPh.Olul*Wý ltUEr10(O ýUlu

121 -- - - -- - - ----- 8 1------------ ----- -- - -4
TGGAaaTC7TAAArrCTGAAGAa6CC0ACGTCAAaeCAcCAT2APGAG?7-ATGAc.A, TGCC-TGflAGTGCTG4GA0ACr'G-CGAOCA~rACOýGAaC:rCTAACACCfl6ACAGA

*Is, l4 Seu1IAfPTAS~SryAspASpaV41a1POQG1YZ1*A~fl ouynslorons.Thrcluv'o~olLAsnPhoieetLyubl@OlyAls~lsflo~ll
14------------- -- -----------------I----------------------------240 91--------------- ------ --------- ----------- 12

.TCNCCACCAAGGCATCAACCCCAACAdGAOCGATATCATGG-M-MGGAATAAACT CAATGCCACATACCArrCAC7GAArMnCAOACTrAGAJ.AkflCC'AGCaCACCCOAA

*rIAuPh .Ser rqf qrAtPLAUO100Gr yLysL4uLySArQAsftPh*ClflL MetryryrTyflrLy.Ph.1uAspryrA*flP64CflnPr0S*Crý. l0GluGfLýýLY#A6
241----------------- ----------------- ?--------------------03 12 1-------------- y------------------------------------------------1GO

C-C-1T...CAOCJLGTTI-?AGAAOAOA1TTAOAAACTCCCAAArTIUAAAAAAAC?.TICAOA AITGAI1ATACGNA0WCGAAGAh1ACAAr11CCAACCCAGCACAOA0CAOCTGAMOMC

y.v&IlkenPr01o~y GIYL4eLy*Q1UPheSer~u~YrGuS1U1AP I1.G1nSertAQrqAr I& $Or$6rV#10YStAuX~IaAu~hr otger atLYS&
AAT00 CTAGC3-,TAC&T s- --------------------------------16------------------ 240

AATAACtCAC~CT _tTCG CTGA-CTOAAAACCITTOCTGATA) A:.ACAO'ACCCTCAC;AA2AnA0-CATC?'r117C7GGC0C IMCACAACGATGA.AAC'r

or& AsptfpI1.ThrLauS.rArgCluAlaaV.10u~er!y4Prol.ýM.tArqPh.I srov1xoqaoq~on~h.1~r.Arv~~.eVll
361-----------------------------------------------420 24 - ------------------ ---------------------------!!-----------------2O

GTACFTfAACA-7ThACACCAGG)(C,:C40073ACaGC;TC:nTGýA-OAGA.7TCA AGCTCACnQC'TAOAa'ALAGiCAAMATCAKATAGCCTCGTGTCLATATCAACOCCOGGTAA

I*-h rAlaOluThrH1,GlYMieGluArq~lyO~rGluThrSorThrzl.uflryrluArqL Cy.LysGluval PhoCyerQInv& II1.Ly.L*U6.PSerG luGluT'y014to*LeulSJyr
421------ ----- ;;------------------------ 40C 201 --------------------------------------- 2360

TA.I jCCCGCXXCC AA0CCA~AGT0AC1AGCAC'T0AATAT0.AGA335C TCCA.AAO.AACTOI-2IIGCCAACTA.AT0AA.ACAhCACTCTGJAGAATACCACCTAT¶rAAC

e~ut~ erMetLadAsntysVa1L LysSrý!uLystAuL...Asn-hrArqArgLysO.nL- ClnLysThrrly~luSer8erArqSer SyrS!l~eGln~lyProAe.PCy1.1 IS1491-------------------------!---- ------------------- -- ----------- 40 261-------------------- --- -------------- --------------------- 420
?CCTCTaA?1T-AAACAAACTC)AjAOA-n-CNXACTG.70ýAA70-OýAýA-CMCAACAZ: CAOMZ4ACTCO.AOAATCTrCAACCAý;C7ACTCC0TACAOA-CCCOATOCITCAT'A).TT

*utulaA~nTAUA jpVs1L !uyeuSerS*rLJI 1.LySArgSorLySPhOLYSO1IyL 2.rPh.TrA1.A*pProLyaArqPhePOhtuP011P6SVrSP16 AXLu!r
041---------------------------------------- ------------------- 41------------------------------------------------------48C

TT;flAATCICATOTlNTGTCrlCCTCA7?GATAAAA)COýGTCGAATýCAAOCOOO; TCCrrC¶ATOCAOATCCTA.AAAOrCTT~fT-rACC)A-flT¶?0C GCATGAGGCT~TATAC

60 *uOlUACOASpLy.HISTCpV4 l~lyCysCysryt 0.rserva IksnAspArqL44741S AsnJ4.tt01.Ap.plemo? 1eer~rp! leArqoerCyeProA*pZA4LysAGpcyUstu
60- --------------------------------- 66C 481 ---- ;-------------- ------------------- 540

T-GTA0 ATAcA.AACACV?047?GC.flT1rGC-~A:A-AG-03;:0AA-CA-0A0:C7303f KAATAATAGACA-TCATGA-rTCATGCrAnAwCATCATCCTCAnTICGAAACCT-CTeC

6, rPheA#PSenlhrLyerluGloLA-JThrAspPhe ThAet!1l*G16Vu1A1.L!uA .rýhYIuL4OL4uL4J4OtOIrh
61----------------- ------------ 97 541-----------------------------------------------,~iCiiACA00:ACTAA.AGCACAGTflGACC-AC¶-rr7,G ACCCGACAr-;ArCA(cnCAOTOAOOACCaTAfl.CflCOA.ATGCTCACCA

cOMA Clone L.123

cc C~yeAenkrqAep*lyl leThrLvuyrlle~yeAepLyu~lngerHiePfooluAla$i

T-TOCAATCOGGACGOTATAACGCOTACAr.-*.GT0ACAAACAGOCTCATCCA0KACCCC

6,Ie)rqkgepX!e!le*yelutAuJ grtuarpAan~yrZ le 5yeglelerLu!

6--- -------------------------------- -------------------- 2
ACCGTCATCATATATGCC-nTMAGOCCTCCTI7tOGAACTACAfl¶'G7TflCA.-CA

'r~ener~h~lu~u~lyel.rVelItiAlA~sluPr*ThrLye5lyLy*AkmnAenS
121--------------------------------------- - . .......... ....... 8

GC&Aa'CT1-1--3AQTTGGCTGnNCOI-CCTACCAOAACCOACCKAA000LAQAATAACA

orclG nLuas uý,i nsa Lci@L AuAso Pro yeahp ra 1IAIaAr Ly sProc luS
Is, - - - - - - -Z----- -------- 443

2-------------------- !--------------C----- -------------- 0
GcTkAC,-TACCACTGQTA0000n7A--r CnOATGTA-A-.TOAfCAAtZ7030A000000Ar

10--------------------------- r---- --------------- -- ----- c

en1J4etý qtpSrPro~lt*h0-Arqllete~etu.AjPro~hcye0.1LeuZletspI lersen

36--------------------------------------------------------------422-AA?0AZTGCCAGA07CIIC.ýCA0fAA;CflCTC-GAC0T0T0:G~-~.CTACAflOAG-rMCAA

*6 rLýiuserg suSernrosu qleserH.PO ýulvhl Ly uCr ye vArqA .pGiu ti4 iSymr
42---------------------------- --- --------- ----- ----- a 2

CATATGA.At00CAC¶C~k.A'AT11CT0MZ-?GrAGGACCCCC..AAT0G0A A-CATACACT3

atltsuPileSer~epý!uAle)aen erMisOirLrg~erAepSerhertauvlAispOluP4------------------- ---- !------------------------------------- 040
1rCTcGrrrrC-7ACCTTGCCAA'TIC-CATCAGCQA-WCT2ACTCCAG.'tTCýIflGATOAAT

he".alVa 18.r~b rArqAep Va Cy LycAmo PtelAu Lys~lnVe IlycPheOlu9e nO
041--- ----------------------------------------------------------- 600

.70flrflAQ0ACQA0;GGA7GTCTGCeM0Mcnr!. *AAAACAGZGIATflIGAATCA?-

6ýheValArgOluPreValAlaThrThrArqflr.rLeuOlyAenPh~sgz-TrpPh.ProsuieL
--------------------------------------------------------------------- 660-

tOVIr-CGAOMAATfl011r-GMCAAC-CCA0000A-. AGCALA-..'.CATGO7000TC-.A?0

ye1!4luJ~etMetPrc9trGluAepl~ei~as~yr~elsro3e1
6--------------------------------------- 723

LAGAAA~TGATGCACTA.C~AGA?.;;ýCG0?AoooACý:;CxCtoCc-n-CxooTCA.rnooe

Cr eVt IvlAu~enty 908 101ruA rqProflet PhArgo. nO p4uolnoPh*Clyf
.- - ------------------------------------ ?8

CAAAGOTGGQMACAAAA.AIQTGOAGAOGCCI-ATG,-. AOA.ATQA'.flGCAG.flOGfl

74 ----- 784

rIG. 2 Nuoleolide anni pred,.::ed amrino, acid sequiences for clones Li122. L-39. and Li 23 ia) Li22 The (coRl [GMATTCJ. OstI [CTGCAG]. an-d
iHndill [XAfGC~h sites merifcried elsew,,here in 'he paper are enclosed in boxes The synihetic Depidce used in Fig 3 is underlined in the
prcdiciej L122 amino. 3cud sequence ;b! L39 The synihetic peptide used in Fig 3 us underlined in the pred;cted. L39 amino acid sequence. (c)
Li 123 Tie Syn-.henc Peon',de US.3d in F'g 3 :s underlined in the predicied Li 123 amino acid sequence.
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Nucleotide sequencing and computer comparison 1 2 3 4 5

with other viral sequences - - L

We have used the chemical sequencing technique
(Maxam and Gilbert. 1980) to determine the nucleotide
sequences of L122, L39, and L123 (Fig. 2). These
sequences were determined entirely from both DNA NP. &
strands and the majority of the sequence for clones
L122 and L39 was confirmed by analysis of indepen-
dent. overlapping clones (data not shown). The L122
clone covered 697 bp and we immediately noticed a
substantial overlap with a published sequence from
the 3' end of the genomic L segment for LCMV strain
WE (spanning amino acids 1-363 of a predicted L FiG. 3. Detection of an L-encoded protein in Western blotting
protein: Romanowski and Bishop, 1985). This overlap- experiments using antisera raised against synthetic peptides Pro-
ping region contained 500 conserved nucleotides, teins from purified LCM ý,irons were separated on a denaturing

representing 80% overall nucleotide sequence hornol- SOS polyacrfiamide gel and transferred electrophorelically to , •"

ogy 3nd 176/203 conserved amino acid residues (87% trocellulose filter The filter was then sliced into narrow strips and
processed w;th antisera followed by '

2
"I-protein A (see Methods arid

homology) for the predicted translation products of Duch.neier era!. 1987 for ae!a!is) Lane 1. control antiserum raised

the two virus strains. The nucleotide sequences of L39 agains! LCMV nucleoprotein (NP residues 132-145 0Q.tL.-D-0.R.S
and Li 23 indicated that these clones, hke U. 122. con- 0-1-L-0. I.VG): lane 2. cort. -,i ar•tiserum raised agairst a non-LCMV

tained single open reading frames. All three clones pept;de. lane 3. antiseru'.n .ca•i, L39 peptide E-H.Y.G.L-S-E-H.L-

apparently comprise parts of the same high molecular E-0-E-C). lane 4, antisenrum ý.gainst L122 peptide (N.E.K-V.F.E.E-S-
E-Y-F-R-L-C), lane 5. antiserum against t. 23 peptide (DG.A.E-A.L-

weight viral protein (see below and Fig. 3). G-P-F-Q-S-F-V-S-K). The bands jelow NP in lane t represent repro-
ruciuie cleavage or breakdown products derved from NP
(Buchmeier and Parekh, 1987) Lanes 2-5 inclusive all show a minor

Detection of a high molecular weight protein nonspecific reaction ir the NP region of the filter which is due to a

encoded by the L RNA segment direct interaction oetm'een NP and protein A.

In an attempt to identify L protein products directly,
we have synthesized short peptides corresponding to (Bishop and Auperin, 1987), we were interested to de-
different regions of the predicted protein sequence. termine whether the 200-kDa L protein was translated
Polyclonal rabbit antiserum, raised against a peptide from a genomic sense or genomic complementary
KLH carrier complex, has been reacted with proteins sense mRNA. We therefore inserted the 330-bp EcoRI
from purified LCM virions in Western blotting exper.- to Hindlll restriction fragment from Li22 between the
ments Antisera raised against the predicted amino corresponding restriction enzyme recognition sites in
acid residues 14-27 in L122, 10--22 in L39, and the multiple cloning site of the pSP64 and pSP65 vec-
227-241 in L123 reacted specifically with a high mo- tors (Promega Biotec) with the intention of synthesiz-
lecular weight protein (aPproximately 200,000 Da) :n ing a pair of complementary " zP-labeled RNA probes in
the virion preparations (Figs. 2 and 3) This same pro- vitro from the SP6 promoter (Melton et al., 1984). The
tein was also present in viral rixnucleoprotein com- 65-1122 probe (EcoRl-.Hindlll) hybridized slongly to
plexes prepared from acutely irfr'rtd BHK cells (Fig. total cell RNA extracted from BHK ce~lls acutely in-
4). Thus, the antipeptide antioocieq have provided the fected with LCMV and also to purified virion RNA
first specific reagents to study the distribution of L-en- whereas the complementary 64-L122 probe (Hin-

coded proteins in virions and in acutely infected cells. dlll-,EcoRI) showed weak hybridization to the total
Detection of the 200,000-Da protoin both in virions cell RNA sample and a barely detectable signal with
and in RNP complexes is consisten with the notion the virion RNA (Fig. 5). These results indicate that the
that this is a component of the viral polymerase. 65-L122 probe is detecting genormic sense L RNA

(RNA. by definition, that i, present in the purified virion)
and that the 64-1. 122 probe detects genomic comple-

Hybridization studies with strand-specific L probes mentary L RNA The nucleotide sequence information
for L122 (Fig. 2) indicates that the coding strand is

Because of the occurrence of an .9mbisense coding oriented EcoRl-*Hindlll and, taking account of the
arrangement for the arenavrus S RNA segments strand-specific hybridization results (Fig. 5), estab-
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1 23 1 23 1 2 3 1 2 3 4 1 2 3 4

3 ~a!m s

~- NP-O 4MmRNA

A C2

A 5FIG. 6. CigodrT cellulose chromatography of LCM1V RNAs from
acutely incled BHK cells Totai cell RNA ,%as extracted vithi guan

FIG. 4. Detection of viral proteins in an intracellular riboflucleopro. idinurn lb ocyanate at 48 hr tostinfection with LCMV (m.o I - 0 1).
tein fraction Proteins from intracellular ribonucleoprolein corn purified by p edeg through cesiurn chloride, separated by denatur-
plexes (Hill and Summers, 1982) were separated nn a denaturing ing agarose get electrophoresis and finaliy transferred to nitroiceilu-
SDS-polyacry-amide gel arid transforred eiectrophoret~cally to a li. lose (see Methods for- detailsl. IA) First p7-saqe analysis,. L39 nick
Irocelluilose filter. The filter was then sliced into two parts and pro translated probe. Lane 1, starting total cel; kNA, lane 2. RNA not
cessed with ant~serum followed by i15l.protein A isee Methods and retained un column poly(A) . lane 3, RNA apparently retaineu on
Buchmeir e! ai., 1987 for details). (A) Antiserum against L t123 pep- columrn poly(A()?(ýi. tB) Second icassage analysis. L39 nick-trans-
tide (rpls 2c and 3) Exposure time 18 hr. 16) Antiserum against lated probe. Lane 1. starting total cell RNA. lane 2. uninfected BHK
LCNIV nucleoprotein tlF-ig. 3). Expo-cure time 3 hr. Lane t, purified cell RNA, lane 3. RNA not retained on column polyfA) . lane 4. RNA
LCk1 virions as a marker, lane 2. RNP fruiTi uninlto.~cd RHR Cells. retaine! on o~olumn (gerruine polyk'Afl. (Cl Rehybridization of the
lane 3. RNP from BHK cells acutely infected vith LCMv Note that ri filter show,-n in (13) withn an RNA prove from Inte NP ccdir., ,c;):on of
iAl there is a nonspecific interaction between N4P and [the `1 pro the S RNA segment Ths5 probe detected genomic complementary S
t.i1 ".. RNA and NP rynRNA.

lishes that the 200-kDa protein tS translated from an L, :eun oLC ,W stabtThrwsnoif-
genomtc complementary, mRNA. Romanowskt and maquenc ofilbl LC tV thE stireatn dibu trhee whaas te n ofr
Bishop (1 985) had predtcted a genomtc complemen- atbeLponvtabeian htti.rgrin h haatro
tary L mRNA from thetr analysis of the 3' termtnal teLpoen

2 3 1 2 3Oligo(dT cellulose chromatography with
1 2 31 2 3intracellular viral RNAs

Total cell RNA was fracttonated on an oligocdT cel-
- lulose column to separate poly(A)- and poly(A)' RNA

spectes. Samples of these RNAs were anaiV7ed tn
Northern blotttng experiments wtth an L39 ntck-trans-
latad probe (Fig. 6A). The majorrty of the L-spectftc
signal was detected in the poly(A) fraction but there
was clear representation Of an apparently full-length L
RNA in the RNA fraction that had been retained on the
column This retained material was passed over a sec-
ond oiigok'dT) cellulose column to distinguish betwveen

Agenuine retention ki.e. poly(A)' RNA.) and fortuitous
FtG. 5. St'and srec;tic hybridization to L RNAs RNA sanrtip:crs trapping of poly(A) RNAs The hybridization analysis

were electrophoresed in a denaturing aqaroce gel and transferred ir, from this second column showed that there, was no
a niticcellulose H~ier for sequential hyLr-dizatroii v~irh RNA pr~t.t'.s detectable L RNA retained on the column ard that L
derised ironi onpposite strands or ciore L122 isee Methods arnd ýýip
I legend !or details'. Lane t. 8 Lg Iota! cedl RNA from RyV cells mRNAs. like S mRNAs, do not possess 3' poly(A) se-
acuitely infected with LCNAv. lane 2. 8 pg uninfecled RHK cell RNA. quences that allow binding to oligo~dT) ce~llJlosP under

ý u.3 w u~tj LCM' v iu,u' ;NA 1,s r ýwio~zati~i- s gria standlard conditions The hybridization analyses inI
with the 65 L 122 RNA probe which is deduced to Pnc-gr.:ze gerc. Figs. 6A and 6B also confirm the results of Fig3 It and
rnic sense L RNAs ipxooskie: 6 hr at .-70' with an 5ihrethreenrnoevdecifoicatcni, 1-i
sc-ree,! (B) Tne hybridization signird .:.itn the 1-4 Li?1? RNA p hretee a o vdne o ubeoic -e
w-,hiclh recognizes geilomic comn~emeritar,' Seise RN.As exouerived RNAs in samples of RNA extracted fromT- cells
6 daeat -'fl" .vith an. ilntrsilicjitrici sc'rt-err acutely infected w~ith LCMV
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DISCUSSION in a wide-ranging group cf viral polymerases and have
been proposed to represent a conserved feature of

The genomic L RNA segment represents approxi- polymeiase molecules (Kamer and Argos, 1984) and
mately 70% of the genetic potential of the arenavir- have also been detected in the coding region of the Li

uses but, until this present study, relatively little was family of mammalian repetitive DNA sequences (Loeb
known about the structure and expression of the L et al.. 1986; Hatto-i et al.. 1986). In addition, we have

segment. A minor, high molecular weight protein had detected an eight amino acid stretch in LCMV-Arm L

been identified in purified preparations of 3"S-!abeled protein f,-om clone L122 (amino acid residues 78-85)

virions (Vezza et al., 1980) and this was assigned to that shares six identical residues with a region (resi-

the L RNA segment simply by size considerations be- dues 1006-1013) from the vesicular stomatitis virus

cause this protein appeared to be too large to be en- (VSV) L orotein (Schubert et al., 1984) (Table 1). There

coded by the S RNA segment. In parallel s;udies, a is aiso a nine amino acid sequence in the predicted

high molecular weight protein could be immunopre- translation product from L39 (amino acid residues

cipitated by polyclonal antiserum raised against 169-177, Fig. 2b) that shares five identical residues

disrupted Pichindevirus(Harnishetal., 1981) and was with VSV L protein (residues 1287-1295). Interest-

linked to the viral L RNA segment in studies of reas- ingly, this same sequence from L39 exhibits even

sortant viruses (Harnish et al., 1983). Most polyclonal greater homology with a sequence from the gag poly-

antisera do not detect L-encoded proteins efficiently protein of HTLV-11 (residues 395-403) (Shimotohno et

and nu monoclonal antibodies have yet been reported al., 1985; Table 1). The functional significance of these

with specificity for L proteins. short, conserved regions remains to be eiucidated.

The experimertal approach described here has pro- The antipeptide antibodies, raised against predicted
gressed from isolation and characterization of L spe- peptide sequences from three independent clones, all

cific cDNA clones to nucIeotide sequencing and pre- recognize a 200,000 Da protein-presumably the

diction of amino acid sequences for L-encoded pro- same protein covered by clones Li 22, L39, and Li123.

teins and then to visua!ization of a 200,000-Da L However, we cannot yet settle the question of whether

protein in Western blotting experiments using antisera this 200,000-Da protein is the only L-transiation prod-

raised against synthetic peptides. These antipeptide uct or whether there may be additional open reading

antibodies therefore provide the first monospecific re- frames at the 5' end of the jenomic L segment. A

agents that recognize an arenavirus L protein and, as 200,000-Da protein would require approximately 6 kb

such, now permit studies on the expression and dis- of coding region whereas the genomic L segment has

tribution of the L protein in acute and persistent infec- been estimated to fall into the 8- to 9-kb size range. As

tions. there is no precedent for noncoding regions 2-3 kb in

We have an extensive collection of cDNA clones size within RNA virus genomes, it would seem that

from the L segment of LCMV-Armstrong and are sys- additional proteins might be encoded within the L

tematicall,, compiling a complete sequence for the L RNA. Such proteins could Ie derived either from cleav-

segment and a reconstructed intact L cDNA. The no- age of an L polyprotein that releases the 200,000-Da

cleotide sequences presented here, covering 2072 species and other products or by transcription and

bases, represent 20-25% of the total L sequence and translation of independent L coding regions. In the

considerably extend the previously available informa- latter case, perhaps the ambisense coding arrange-
tion. In a limited comparison with sequence from the L ment of the S RNA segments would also appear as a

RNA of LCMV-WE (Romanowski and Bishop, 1985) we feature of the genomic organization of arenavirus L

observed nicleotide and predicted amino ocid se- RNA segments.
quence homologies (80 and 87%, respectively) that
are compatible with eailier comparisons for the Arm TABLE 1
and WE structural protein sequences, NP, GP-1, and S-o, AkivjQ ACo Howo~oGES BETWEEN A PREDICTED LcMV

GP-2, that are encoded by the geromic S PNA seg- L PROTEIN AND OTHER VIPA. PROTEINS
ment (Southern et al., 1987). We have searched the
protein sequence databases for honiologies between Arrir,,c acid residues
predicted LCMV L protein sequences and the se- C
queiices of other viral proteins. We found that the 1 .22 iS.2fl % !r -

L122 sequence contains an unusual pair of adjacent VSVL !006-1013 INPLFPPF

aspartic acid residues (-Asp-Asp-, amino acid residues LCMV L39 169-177 W i R S C P 0 L K

72 and 73. Fig. 2a) in a hydrophobic pocket; such VSVL 1267-1295 W I T S C T D H Y

amino acid arrangnments nave been noted previously HTLV 11 g3Z 0 395-403 W K R D C P 0 L K
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We are currently investigating reaction conditions to RNA species of new world and old world arenaviruses. Virology

assess in vitro activity for the viral polymerase with a 121,200-203,

view to understanding the role of the 200,000-Da pro- AUPERIN. D. D.. DIMOCK. K, CASH. P, RAWLS, W E . LEUNG, W.-C
There have been previous reports of polymerase and BISHOP, D. H. L. (1982b). Analyses of the genomes of proto-

tein. Ttype Pichinde aienavirus and a virulent derivative Pichinde Mun-

activity in preparations of purified Pichinde virions chique. Evidence for sequence conservation at the 3' termini of

(Carter et al., 1974; Leung et a!., 1979) and one report their viral RNA species. Virology 116, 363-36 7.

of a linked transcription/translation system for Tacar- AUPERIN. D. D., ROMANOWSKI. V . GALINSKI. M., and BISHOP. D. H. L

ibe (Boersma and Compans, 1985). The antipeptide (1984). Sequencing studies of Pichinde arenavirus S RNA indicate

antibodies could be of value in defining critical do- a novel coding strategy, ambisense viral S RNA . Virol. 62,
897-904.

mains in the L protein as assessed by in vitro reac- BISHOP, D. H. L.. and AUPERiN, D. D (1987). Arenavirus gene struc-
tions. Information is beginning to emerge on the char- ture and organization. Curt. Top. Microbiol. Immunol. 133, 5-17

acteristics of polymerase molecules from other nega- BOERSMA. D P.. and COMPANS. R. W. (1985). Synthesis of Tacaribe

tive-strand viruses including vesicular stom-titis virus virus polypeptides in an in vitro coupled transcription and trar.sla-

(Schubert et al., 1984), influenza virus (Fliid and tion system Virus Res 2, 261-271.
BUCHMEIER, M. J , and OLOSTONE, M. B. A. (1979) Protein structure

Winter, 1982; Winter and Fields, 1982; Krystal et al., of lymohocylic choriomeningiltis virus. Evidence for a cell-asso-

1986), Sendai virus (Morgan and Rakestraw, 1986; ciated precursor of the virion glycopeptides. Viroiogy 99,

Shioda eta!., 1986), and measles virus (Ray and Fujin- 111-120

ami, 1987). In each case the polymerase represents a BUCHMOER. M. I., and PAREKH, F S. (1987). Protein structure and

multifunctional protein and influenza actually requires expression among Arenaviruses Curr. Top. Microbiol Immunol.

three component polypeptide chains. The arenavirus 133,41-57.

BUCHMEIER. M. J . SOUTHERN. P. J.. PAREKH. B. S.. WOODOELL. M. K.
polymerase is likely to share many characteristics with and OLDSTONE. M B. A (1987). Site-specific antibodies define a
these other viral polymerases and this conclusion is cleavage site conserved among arenavirus GP-C glycoproteins. i
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conserved amino acid sequence that have been oe- CARTER. M F.. BiSWAL. N., and RAWLS, W. E (1974). Polymerase

tected in computer comparisons activity of Pichinde v~rus. I Virol. 13, 577-583.
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Our long-term interest in the vral L segment relates (1979). Isolation of biologically active ribonucleic acid from

to an attempt to elucidate the role of the viral polymer- sources enriched in rbonuclease. Biochemistry 18, 5294-5299.
ase in the progression from acute to persistent infec- FEiNBERG. A.. and VOGELSTEiN. B. (1983). A technique for radiolabel-
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and/or an unchanged polymerase enzyme being in- virus segments 1 and 3 reveal mosaic structure of a small viral
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clusions. For these and other reasons it
is advantageous to specifically purify

Peptide Research ,st bcc~onei
P the anti-peptide fraction of such an-

tibodies.
Routinely, peptide-ca,.-ier conju-

gates were prepared in our laboratoryi c ency imm uno- uing the reagent m-maleimidobenzoyl
N-hydroxysuccinimide ester (MBS),

which couples peptides to the carrieraffinity Purification of protein, KLH, via a cysteinyl sulf-

hydryl group. In studies reported else-A nti-Peptide A ntibodies on whcre it has been demonstrated that the
positioning of the coupling cysteineT hiopropyl Sepharose residue myv profoundly affect the reac-

o rotivity with native protein (4): hence, it
is desirable to present the peptide in the
immunizing conformation on the
amino affinity column. Immobilizing

the peptides to the solid support using a
linkage analogous to that used for im-

lcr -4 :imunization might be expected to in-

S -• crease the likelihood of recognition by
its antibodies. Thiopropyl Sepharose

Bharat S. Parekh, Peter W. this method for purification of antibodies 6B (Pharmacia. Piscataway. NJ) pro-

Schwimmbeck and Michael to two peprides derived from the ,ides such a linkage for peptides con-

J. Buchmeier glycoprorein sequence of lymphocytic taining cysteine. We report here the
choriomeningitis wirits, as well as sequen- results of studies involving two pep-

Research Institute of Scripps C o from the 1jojl a( el( w tide, corresponding to amino acid
Clinic recptor, sequences of the GP- I and GP-2 glyco-

proteins of lymphocytic choriomenin-
gitis virus (LCMV), and to peptides

INTRODUCTION derived from the sequence of human
acetylcholine receptor (AChr). and

ABSTRACT Antibodies to synthetic peptides their corresponding anti-peptide an-
Antibodies to peptides are rioinelv have become a basic tool in the reper- tibodies made in rabbits. We report the

made b% immuni:inq animals with peptide toire ot molecular biology (8,10.11. recovery of site-directed antibodies
linked to a carrier protein suc-h as keyhole 12). In most instances it has been which are depleted of anti-carrier reac-
limpet hemr-yanin (KLH) to hovije seIun" necessary to couple the peptide to a tivity and retain a high degree of reac-
albumin (BSA) tia a disulfide bond. The carrier protein like KLH or BSA to tivity with both the immunizing pep-
majority of such a pohelonal antihod• achieve a significant immune response tide and the corresponding viral or
response is directed again.ct the carrier to the peptide under study (2,5,7,9,13). receptor protein.
protein. The presence of such buckgwound Anti-peptide antibodies thus generated
antibodies often concplicates efforts to are very useful for structural, im-
characterize the desired anti-peptide an- munological and other studies (2,7.13). MATERIALS AND METHODS
tihodv, hence it i5 desirable to isolate the However, the major immune response
specific fraction of immuimoglohbuin rea,- of the immunized host is directed Peptides and Anti-Peplide
tive against t/w peptide of interesw. We towards the carrier protein rather than Antibodies
describe here a uimple and efficient tec/hi- the peptide. We have encountered non-
que to purify anti-peptide antihodies from specific reactivity toward host and %..iral The following two peptides, form-
sich sera using commercally available proteins which is traceable to a back- ing the amino acid sequence of glyco-
reagents. Peptide antigen with a curbo..' ground anti-KLH antibody response. protein precursor (GPC) of LCMV
or anino teincial c-vteinc i.% coupled to Although the mechanism for genera- (14). were used for the studies
thiopropit.l Sepharowc via a dl.•iu/-de tion of such spurious reactions has not described here: GPC 184-205 (se-
linkage. The bond hetcvee pepride and been studied, it seems likely to involve quence CRTFRGRVLDMFRTAFGG-

r .!r: '.,:p z'....ws . ....... a: an clcmcnt of molccular mimicry ;6,. KYMR) and GPC 483-498 (.,equence
neutral and acidic pHs. anid affinity hound Presence of such cross-reactive an- CGAFKVPGVKTIWRKRRb. The first
anti-peptide antibodies werc eluted from tibody interferes with the use of anti- peptide was derived from the viral
the column at low pHt tpHi 3.D). Thic7 pro- peptide antibodies in ,arious ira- glycoprotein GP-I. while the second
cedure pernciw. pccifccatioc of ati.peptide munological assays, particularly those one was deriked from GP-2 (2). Pep-
antibodies, .. pararing tltnc from usually involving immunocytochernistry and tides were made on an Applied Biosys-
high-titered antibod(ies to the carrier immunofluorescence, and in inex- tems model 430A peptide synthesizer
protein. We describe the appltaiat/on of perienced hands can lead to false con- using symmetrical anhydride chemistry
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(8). For convenience in coupling an N- Table i. Coupling Efficiency ofThree Peptides on Thiolpropyl Sepharome
terminal, cysteine was added to the Peptite Peptlide Used Coupleda % Efficiency
peptides where it was rct part of the
nat'iral sequence. Peptides were then (timol) (timol)
coupled to KLH using MBS via cys-
teinyl sulfbydryl group (7). Antibodies GPC 104-121 12.60 2.33 18.5
were made in rabbits as described ear- GPC 184-205 8.25 0.37 4.5
lier (2) and assayed for reactivity by GPC 483-498 14.2 1.73 12.2
ELISA. Peptide reactive rabbit sera aEstimated from the increase in A343 (2-thiopyridone release) in supernatant.
also reacted with LCMV GP- 1 or GP-2 __st__al__fro__thincreasen__3_3_2-thiopyronerelese)_insuernatant
in Western blot analysis (3). An-
tibodies to amino acids 157-170 of Purification of Anti-Peptide was referred to as Pool 2. Pool 2 wab
human ACHR (sequence AIN"'FSDQ- Antibodies immediately neutralized upon collec-
PDLSNF) were elicited by immuniza- tion to pH 7.0 with I M Tris. The
tion with purified peptide without car- Rabbit sera containing anti-peptide column was subsequently washed and
tier protein as described (14). A antibodies were used directly after reequilibrated with PBS prior to stor-
cysteine for coupling and a Gly-Gly clarification, or gamma globulins were age or re-use.
spacer were added at the amino ter- concentrated by 50% saturated am- Pools I and 2 were dialyzed against
minus of this peptide for thiopropyl monium sulfate precipitation and dis- PBS and concentrated to the original
coupling, solved in PBS. The sample (usually serum volume by reverse dialysis.

equivalent to 2 ml of serum) was Anti-peptide antibodies were assayed
Coupling of Peptides to Thiopropyl loaded slowly onto a 3 ml column at by ELISA using microtiter wells
Sepharose 6B the rate of 6 ml/h and elution was con- coated with 1.0 lag of peptide per well

tinued with PBS, monitoring the ef- as described (2).
Typically. I g of thiopropyl Sepha- fluent at 280 nm. The majority of

rose 6B (TPS), equivalent to 3 ml of serum proteins (80-99%) did not bind
swollen gel, was used for each peptide to the column and eluted in the void RESULTS
to be coupled. TPS was suspended in volume (Pool 1). The cohlmn was con-
0.1 M Tris-HCI/0.5 M NaCI/pH 7.5 tinually washed with PBS until no Each gram of thiopropyl Sepharose
(buffer A) and washed on a sintered more protein was eluted and base line 6B gel contains 60 limol of bound 2-
glass filter with 200 ml of buffer A. protein concentration measured as pyridyl disulfide, which can be
Twenty mg of peptide (at I mg/mI in A280 was stable. replaced by an equivalent amount of
buffer A) was added to the washed gel Bound anti-peptide antibodies were peptide. Theoretically, for a typical 10-
and mixed end-over-end for I h at then eluted with 0.1 N1 citrate buffer, residue peptide (MW ca. 1100 dalton).
room temperature (24' C). Uncoupled p1-I 3.0. In one instance pH 3.0. elution 66 mg of peptide can be coupled per
peptide was separated from the beads was not sufficient to release highly gram of gel. Here. we intentionally
by centrifugation at 1000 rpm for 5 min avid antibody. so el ,tion at pH 1.0 was used suboptimal quantities of the pep-
and supernatant containing free peptide also performed to recover this material, tide to be coupled (20 mg/g of gel), and
was removed. An initial appioximation Elution profiles exhibited a peak of the coupling ranged from 2-4 mg (5-
of the amount of peptide coupled was ODi 80  absorbing material, which 10% of capacity); thus a substantial
made in two ,ays: varied depending on the anti-peptide portion of the peptide (90-95%) re-

a) A decrepse in A214nm of super- antibody being purified. This eluted Ig mained uncoupled and was recoverable
natant compared to A214nm of peptide from the supernatant. Results of a rep-
solution at I mg/nl, resentative coupling are presented in

b) An increase in A343 of supema- ,, Table 1. The peptide bound to the
tant which indicated 2-thiopyridone re- Sepharose matrix had a very high cap-
lease, this being molarequivalent to the ~ acity to bind to sp.cific antibody on a
amount of peptide coupled (E343 for 1 molar basis. For example, only 2.2 mg
2-thiopyridone = 8.08 x 103 M-'Ic-CM-). of the 10-residue peptide (ca. 2 pmol)
The pelleted gel was washed two times a, can bind up t- 150 mg of bivalent an-
with 50 ml of buffer A, and the remain- tibody. On that basis, it seemed prudent
ing reactive sites were blocked by Ito assume that sufficient antigen was
mixing the gel with 3-fold excess of 2- coupled to the solid support.
mercaptoethanol in 0. 1 M citrate buff- _ _ - Purification of anti-peptide antibody
er. pH 4-5. for I h at 240 C. Sub- '.' a ....... I . . frum iabbil sera was carried out as
sequently. the gel was washed on a Flgurel.Elutlonproflleofatypicalnmmunoaf, described in Materials and Methods.
sintered glass filter with 200 ml of finlty purification or rabbit antlbody 2704 The effluent was moitored at 280 nm
buffer A and then with 200 nil of 10 againslt peptlide GP-C 483-498. Two ml of an- for eluting proteins, and a typical elu-
mM phosphate buffer pil 7.4. 0.15 M tiserum was applied to the column in phosphate tion profile of one such run is shown in

buffered saline, pH 7.4, and 2 ml fraction, col-
NaCI (PBS) and packed into a column. lected as indicated A %mall peak i•Of) 2, ,<0.3) of Figure 1. The flow-through portion of
Approximately 2-4 mg of peptide was eluLted protein is evident in fraction% ?0-22. Thcc the run (Pool I) contained unbound
coupled per gram of TPS. fractions, erep(,oedandconcerwratedto2ml. serum proteins and represented 80-
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99% of the total proteins in individual Table 2I Sumnmarvof Antibodv Readtivils
runs. When bound proteins were cluted rRabbit Antibody Units (%)a
with low pH as described. a compara- Peptide Number Serum Pool 1 Pool 2
lively small protein peak (Pool 2) was _____________________________________
observed. This represented 1-20%/ of
the initially applied protein. Aft,ýt GPO 184-205 2713' 4530 0 (0%) 3850(85%)
dialysis and concentration, the pooled GPO 483-498 2704 350,000 20,000 (5.7%) 315,000 (90%)
fractions were analyzed ~or- anti-pep- Iaxpesas(trxvou )
tide reactivity by ELISA and Comparedese s tie xvlue

to (he starting sera (Figure 2). Pool 1. Table 3. Reactisity of Puril'ied Antipeptide Antisera isith Acetyicholine Receptor
rep~esenting the flow-through fraction. _____________________________________
had 80-99% of' the total protein, but Reactivity with Serum: 3 0 2 6-9a pH 3 Eluent PH 1.0 Eluent 1
had little or no reactivity ap-tinst the
respective peptides. Pool 1 flad all or Peptideb) 1:25,600 (100%/) 1:20 (0.08%) 1:23,000 (89.8%)
most of the anti-peptidle actis it) and Ah :.0 10) 11 01% :,0 7.%
the titer "sas comparable to the serum Ah :.0 10) 11 01% :,0 7.%
(Table 2). The affinity-purified an- 'Srm32-= nih h sum1770=ANE QPL F
tibodies- were checked for their acli. ity eum329 AtiuAhrsum1770=INEDPL F
against the parent proteins (L-CMV GP- I________________________
I or GP-2) and were found to be fully'
activ e in Western blot analy ses (Figure recovered immunoglobulin showed ex- necessarv. Howkexer. the bonding
3). Moreover, by performing an ELISA cellent retention of binding activity chemistry requires the presence of free
on KLH substrate, it was demonstrated against native ACnr followsing neutral- cysteine sulfbhydryl in the peptidle. Al-
that >90% of the anti-KILH antibodics ization and concentration. though in ourý studies we have incor-
did not bird to the column and Aere porated a terminal cvsteine in each se-
eloted in Pool 1. Trace amounts of anti- quence. any cysteine residue with free
KILH antibodies occasionally present in DISCUSSION sulfhydryl group, whether internal or
Pool 2 wkere easily removed bs a terminal. maý be adequate for its cou-
second pass oser thle peptide-affinity1 We have described a simple and ef- pling to thiopropyl Sepharose. Success
column. ticient technique to purify anti-peptidle of this procedure may result because

Such peptide-affittity columns \ýere antibodies ;.n a single step. Coupling of _________________

repeatedly used for antibody purifica- peptidle to the commercially available
tion and found to be stable'and func- affinity matrix can be accomplished in A B C D E
tional for at least 6 runs. When not in a few steps and may be perfoinued
use. peptide-coupled solid matrix wkas simiultaneously for several peptides if
stored in pH 7.4 buffer containing _____

0.02% sodium azide at 4ý C.

Elut ion of High Affinity ~ NP
Immunonglobulins - I

In one instance during the course of, IG-
studies of peptide antibodies against
sequences derived from the human
acetycholine receptor (AChr). wie en-I
countered difficulty in eloting specific
antibodyý. Sera knokkr to contain high
titered antibody to AChr amino acids ,

157-170 and reactive with the parent I'~ ____________

protein were not recovered by pl- 3-0) Filzure 3. Western btotting ofrunimunoamrniti
elotion. Howkever. Ahen the pH of the . purified rabbit anhabod 'i to peptide(;P-(4.uio.4w

elutng bffe wasadjstedto I.0.Xl)-L~,~ ~-' I against t.CM viral potbpeptides separated by
elutin ouf ter kppdjuied ctivt was, 90 StS-PA( 1K. Line A, prebteed rabithi 270)4: R.
r0c4ofthed su plgestn tactiI thi\ksi- Figure 2. tmmunoreactitil bi ELISA or final p).tirniniuni/;mLiii bleeding ceruni apptied to

re~cverd. uggstig tat hisim- Starting Serum No. 2704 (0-91. floi through ihe immrunoaifinits 04iUMn. C. 011tunin fruciion 1,
rnitini,/ttion protrcol. whbicb did not tfritoiins 4-7, A- and pH 3cluoie ifractioins UnihiLHuIi ildiCli ,. D). ciL0u1.111 CaI(iiiii 2. ii

emploN a carrier protein, elicited a 20-22. ). )) from Figure t. Peptide (3P.Cjs ij,s niunogtohutin ctuied at pH 3. Binding it virat

high-affinity, immonoglohulin (Table ss.I.. jdt..rhct Mn I Pg,\4etl onto pot ' ticfne gt.%coprolcin GI'.? i. evident iinl% in Line, B and

3). Based on our experience \kith oticritier plate.. EiLh of [he indic:ated cotunin D). Att fractijon.. sere adjisied to the same Moumne

LCMV and other viral sx stems the triLiinon% cA re cokxiiiicriid to ihe ,iine % ilurne t I a, the initiat seruil, thun dilutcd L5 f~) or Wcslein
oil i j, I he sianll nc ioni anid litered as descri hed hluiinImg It he positio oii I unigral io tof LCM %-i rat

nedfo i 10cu~o s o om o - in M cia ndMet hoi s. The major portion, of ituc leiproiitin is i,:oicated in -t rip Fi blottted \kith a
1\ obser'.edl. Fortunately, despite the antigen binding jotkns o~mf the starting serumn %a% finoue riionociionat antihoad% (1- 1.31 directed

lovk pH required for elution, the recimoered in the pti I I tuate. again..tthe -iucteo.aipsd protein.
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Fine Mapping of a Peptide Sequence Containing an Antigenic Site
Conserved among Arenaviruses
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The tymphocytic choriomeningitis virus (LCMV) structural glycoproteins GP-1 (M, 44K) and GP-2 (M, 35K) are
encoded on a single intracellular proteolytic cleavage precursor glycoprotein, GP-C (M, 76K). We have used a series of
synthetic peptides derived from the deduced amino acid sequence of LCMV GP-C to define an antigenic site contain-
ing two topographically overlapping epitopes. Three mouse monoclonal antibodies directed against two epitopes on
GP-2 were assayed for binding in solution phase blocking and solid-phase enzyme-linked immunoadsorbant assays to
a series of peptides representing the sequence of the intracellular precursor glycopeptide GP-C. Both epitopes were
initially localized to a single peptide CP-C 370-382 (Cys-Asn-Tyr-Ser-Lys-Phe-Trp-Tyr-Leu-Glu-His-Ala-Lys) in
the GP-2 segment of GP-C. Futher analysis demonstrated that both epKopes were contained within a nine amino acid
segment, GP-C 370-378, which contains five residues conserved among LCMV, Lasse, Pichinde, and Tacaribe
viruses. Assays with N-terminal deletions from this sequence suggested that the minimal epitope recognized by the
broadly cross-reactive monoclonal 33.6 (epitope GP-2a) consisted of five amino acids, GP-C 374-378 (Lys-Phe-Trp-
Tyr-Leu). Reactivity of a second monoclonal, 9-7.9 (epitope GP-28) but not 33.6, was abolished when substitution of
tyrosine for phenylalanine was made at position 376 in the antigenic sequence corresponding to a naturally occurring
sequence difference between LCM and Lassa viruses. Polyclonal sera from human cases and from animals experi-
mentally infected with Junin, LCM, and Lassa viruses, respectively, bound to the antigenic poptide GP-C 370-382 but
not to control oeptides. As was the case with th'e monoclonals, this binding activity was abrogated by blocking with the
antigenic peptide but not with control peptides in solution. c ises Acdemic Re", inc.

INTRODUCTION region around the Caribbean. Among members of
each group, intratypic antigenic relationships are pre-The Arenavirus family contains a number of signifi- dominant, although group-specific reactivities exist

cant human pathogens including Lassa, Junin, and dmnnatog ru-pcfcratvte xs
canthuman piruseseth ologesincleng Lassa, fn, And and constitute one of the definitive characteristics of

Machupo viruses, etiologic agents of Lassa fever, Ar- thtan.Aigncrltospsmngahgec

gentine and Bolivian hemorrhagic fevers, respectively and nonpathogenic members of the group have been

(reviewed in Howard, 1986; Peters et aL, 1987). Are- a nd ivelyat udic m ember s of pote b e

naviruses are classified in two major subdivisions. The extensively studied to define epitopes of potential use

Old World viruses include the prototype lympriocytic as diagnostic tools or as immunogens (Casals et al.,Old orl virsesinclde he rotoypelymp~octic 1975). Using• polyclonal reagents it was possible to

choriomeningitis virus (LCMV), which is widely distrib- de7ine grou s cific a gens d tecab byscomle -
uteri in Europe, Asia, Africa, and North and South dfn ru-pcfcatgn eetbeb ope
umednEroe sirica, and North highlypathogsand Siuth ment fixation on the nucleocapsid proteins (NP) of
America, and the highly pathogenic Lassa fever virus, New and Old World arenaviruses (Rowe et al.. 1 970:

as well as the related nonpathogenic Mopeia, Mobala, Peters eta!., 1973o
and ppyvirses hic hae ben iolaed i Afica Peters et al., 1973). Availability of monoclonal antibod-

(and pyves which have, be86Nen isorlad ar vin Africa ies to specific viral proteins allowed demonstration of
(Gonzalez et ael, 1 984, 1 986). New World arenaviruses cnevdatgn o nyo u loo ia

include the pathogens Junin virus, agent of Argentine conserved antigens not only on NP but also on viral

"hemorrhagic fever (Weissenbacher et al., 1987), and glycoproteins (Buchmeier et al., 1980; Buch oeier,

Machupo virus, responsible for Boiivian hemorrhagic 1984). Currently available synthetic peptide technol-

fever, as well as other viruses including Pichinde, Ta- ogy makes it possible to study these antigenic rela-
tionships at the ievel of primary amino acid sequences.caribe, Tamiami, Amapari, Parana, and Latino, which In the present study we describe a group-specific an-

are not associated with human disease. These viruses tge dete nt on te netive gp-2 peif af
are onfnedto he SuthAfferian cnfieW nd lie tioenic determinant on the native GP-2 gllycoprotein of

are confined to the South American curiti|nret arid tle LCMV which is conserved across a wide range of are-

Present address: Catedra de Microbiologia, Facultad de Medi- naviruses representing both Old and New World sub-

cina U.8 A., Paraguay 2155 Piso 11, (1121) Buenos Aires, Argen- groups. We have localized this native site to a stretch
tina. of nine amino acids within GP-2. Moreover, by analyz-

2 To whom request for reprints should be addressed ing peptide substitutions within this region we show
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MAPPING OF ARENAVIRUS PEPTIDE SEQUENCE 31

that two GP-2-specific MAbs, which differ in their reac- ELISA assays
tivity with a panel of eight arenaviruses and map to Linbro/Iitertek polystyrene plates were coated with
topographically overlapping epitopes, both recognize 0. 1 or 1o.0 jg of peptide in PBS per well, dried overnight
the same nine amino acid segment of GP-2 but can be 0 1 or w.0 2% of pewter in PBS on-
differentiated by internal amino acid substitutions cor- taini ng blof w ith 20 When pow d in p on-
responding to the sequences of naturally occurring taming 0.05% of Tween 20p When assayed with poly-
arenaviruses. We also present evidence suggesting clonal antibodies the plates were coated with 1 eg of
that this site on GP-2 is immunogenic in the context of peptide per well. For assays with 1iCM virions the
native glycoprotein in several different animal species plates were coated with 1-1.5 v ig of purified virus ininfected with arenaviruses. PBS per well, incubated overnight at 40, and blocked

with 3% bovine serum albumin in PBS, as described

MATERIALS AND METHODS (Parekh and Buchmeier, 1986).
For Tacaribe and Junin viruses, Vero cells were in-

Virus fected with an m.o.i. =!1, and when the cytopathic

Attenuated Junin virus, strain XJ-Clone 3, was pro- effect was 50% the monolayers were fixed with cold
methanol for 10 min, air dried, and stored at -20' until

vededs aas aulg se ain suspgensonce by this used. In all cases binding of antibody was detected
Peters (USAMRIID) and was passaged once in this

laboratory in Vero E6 cells (m~o.i. -0.1). Tissue cul- with protein A-peroxidase, using o-phenylenediamir.e

ture fluids were harvested at 72 hr, clarified by centrif- as the chromogenic substrate, and optical density at

ugation for 10 min at 2000 rpm, and stored at -70o. 492 nm was quantitated.

Tacaribe and LCMV Arm (CAl 371) were grown if Vero Western blotting
or BHK-21 cells, respectively, as previously described
(Howard et al., 1985; Buchmeier and Oldstone, 1979). Purified LCM virus was electrophoresed in a 10%

polyacrylamide gel and the proteins were transferred
An'zisera electrophoretically to nitrocellulose sheets (Burnette,

Human anti-Junin antiserum was from a recovered 1981). Monoclonal or polyclonal antibody dilutions

laboratory-acquired case of Argentine hemorrhagic were made in PBS-Tween-20 containing 2% skim milk

fever, and was obtained 7 years after the onset of the powder, reacted with the nitrocellulose, and washed,

disease. Anti-LCM polyclonal serum was prepared by and bound immunoglobulin was detected by incuba-
priming adult Hartley guinea pigs with 2 x 104 PFU of tion with 1251-protein A.
the Armstrong strain of virus, and then challenging
3-4 weeks later with the WE strain. Postinfection Immunofluorescence assays
serum was harvested 10-15 clays after second inocu- Immunofluorescence assays were carried out on
lation and had neutralizing titers of greater than acetone-fixed Vero (Tacaribe and Junin viruses) or
1/5000 measured by plaque reduction assay (Parekh L929 (LCM virus) cell substrates, using sheep anti-
and Buchneier, 1986). Rhesus monkey anti-Lassa mouse FITO as conjugate, as previously detailed
convalescent serum was provided by Dr. P. Jahrling. (Buchmeier et a/., 1981).

Monoclonal antibodies In order to demonstrate binding in solution, poly-
clonal or monoclonal antibody dilutions were incu-

The generation and characterization of mouse bated with peptides for 1 hr at room temperature or for
MAbs against LCM virus are detailed elsewhere 30 min at 370, and residual reactivity of the mixture
(Buchmeier et al., 1981; Parekh and Buchmeier, was titrated by imniunofluorescence, ELISA, or West-
1986). MAbs 33.6, 83.6, and 9-7,9 all reacted with the ern blotting as indicated. Reaction of antibodies with
glycoprotein GP-2, while MAb 2-11.10 wos specific peptides in solution was considered positive when
for GP-1. binding of antibodies to the viral glycoprotein was

blocked after incubation with peptide.
Synthetic peptides

Peptides corresponding to predicted sequences of RESULTS
regions of LCM GP-C, the cellular precursor of the Monoclonal antibodies to GP-2 define
glvcooroteins GP-1 and GP-2. were made as Mon- o cina antibes
scribed elsewhere (Buchmeier et al., 1987, Southern
et al., 1987) utilizing an Applied Biosystems Model 430 Three monoclonal antibodies raised by immuniza-
peptide synthesizer (ABI, Inc., Redwood City, CA). tion with LCMV and showing cross-reactivity by indi-

I
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TABLE 1

REACTIVITY OF LCM MONOCLONAL ANTIBODIES WITH DIVERSE OLD AND NEW WORLD ARENAVIRUSES

Old World New World
Polypeptide
specificity LCMV Lassa Mopeia Pichinde Tacaribe Junin Ampar Parana

33.6 GP-2 + + + + + + + +
83.6 GP-2 + + + + + + - +
9-79 GP-2 + - + .....
2-11.10 GP-- +-.......

Note. + indicates positive reaction in immunofluorescence at an ascites dilution of >_ 1:100. - indicates no reaction at 1 100

rect immunofluorescence with heterologous arenavi- whether binding occurred in solution, MAbs 33.6 and
ruses were chosen for the present study. These mono- 9-7.9 were incubated with GP-C peptides 353-370,
clonals have been shown by competitive binding 370-382, and 378-391, as indicated under Materials
studies to map to two overlapping epitopes on the and Methods, and then used to detect GP-2 in West-
LCMV GP-2 molecule (Parekh and Buchmeier, 1986). ern blots of LCMV. Figure 1 illustrates the reactions
We assayed these same antibodies for reactivity with a observed when the monoclonals were first reacted
panel of arenavirus antigens representing Old World with these peptides and then with GP-2. Preincubation
(LCMV, Lassa, Mopeia) and New World (Pichinde, Ta- of either monoclonal with peptide 370-382 completely
caribe, Junin, Amapari, Parana) viruses and found that blocked binding to GP-2. indicating that the pepticle
antibodies 33.6 and 83.6 reacted positively against all reacted with antibody in solution, and that the se-
of these viruses. Monoclonal 9-7.9, in agreement with quence recognized by the MAbs in the denatured viral
previous studies (Buchmeier et a., 1980), reacted only glycoprotein is contained in the peptide sequence.
with LCM and Mopeia viruses (Table 1). Specificity of the reaction in solution was confirmed by

Reactivity of anti-GP-2 monoclonals with the lack of blocking by peptides 353-370 and
synthetic peptides 378-391.

We have recently constructed a library of synthetic Since MAb 33.6 was found to bind to both Old and

peptides representing over 90% of the LCMV-ARM New World arenaviruses, we sought to further confirm
GP-C open reading frame which is encoded at the 5' the validity of the GP-C 370-382 sequence by block-
end of the viral S RNA (Southern et al., 1987). Glyco- ing reactivity of the antibody with Tacaribe and Junin
protein-2 is encoded in the carboxyl half of GP-C and viruses. Antibody binding to each of these viruses was
spans amino acids 263-498. We therefore assesed measured by ELISA assay before and after preincuba-
the reactivity of each of the three cross-reactive GP-2 tion with peptides 353-370, 370-382, o, 378-391.
monoclonals with each of 18 synthetic peptides span-
ning GP-2. Only one, corresponding to GP-C residues
370-382, reacted specifically with those antibodies TABLE 2

(Table 2). No binding was observed against the over- ELISA REACT IVITY OF LCM MAbs W,TH PEPTIDES CORRESPONDING TO
lapping flanking peptide sequences GP-C 353-370 or GP-C AMINO ACIDS 353-370. J70-382, AND 378-391

378-391, suggesting that the epitope recognized by
MAbs required the unique sequence at the amino ter- 353 3,

minal end (370-377) of the peptide. By comparison GPC DC2LLMRNHLRDLMGvPYCNVSKFWYLEHAKTGETSVPKC

with the published sequences of three other arenavi- kec,pfocal ELISA titer against
ruses, Pichinde (Auperin et al., 1984), Lassa (Auperin
,o al., 1986), and Tacaribe (Franze-Fernandez et al., MAbs LCM, ir,ons 353-3'0 370-382 378-391

1987), we found extensive conservation of amino acid 33.6 83.176 <100, 25600 <100
sequence among all four viruses in this region. 836 32.768 <100 6.400 <100

9-1 9 26.5z:o <IU 1 u:1.6 ,400 < 100

Peptide 370-382 specifically inhibits binding of the 2-11 10 >1 X 101 <100 <100 <100
MAbs to the glycoprotein of Old and New
World arenaviruses 'The sequence s-o,'.n corresponds to residues 353-391 of the LCMV-Arm

stra'n P J Southern, and D. H L Bishop. 1987).
To determine whether the binding sequence in GP-2 6 Reciprocal of h,ghest diluion showing positive reactuii! in EiSA <100

corresponded to GP-C 370-382, and to establish indicates no significant reaciion alt 1 100
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33.6 9-7.9 373 (Tyr-Ser). To establish the C-terminal limit of the
epitope an additional series of nested peptides was

"n.• ,.. M M i synthesized utilizing Leu 378 at the carboxy terminus
C5 a. , C,-.,4 C 0 and extending toward the amino terminus as above. In

this instance, titers of >40,000 were once again ob-

served with GP-C 368-378 diminishing to 6400 with

NP- 370-378. Deletiun of residues 370 and 371 further
diminished ELISA reactivity of 33.6 and virtually elimi-

,P.2--- U 0 0 • •nated that of 9-7.9. Thus the minimal sequence con-

taining both the 33.6 and 9-7.9 epitopes encom-
passes GP-C 370-378 when measured by solid-phase
ELISA assay. Moreover, there may be a significant
contribution to reactivity of the short peptide with

FiG. 1. Blocking activity of GP-2 Deptides against monoclonal anti- amino terminal extension to include two additional

bodies 33.6 and 9-7.9. Purified LCM virus was disrupted in SDS-2- conserved residues Tyr 369 and Pro 368.

mercaptoethanol and then electrophoresed on a 10% SDS gel. Pro- To minimize the possibility of spurious results due to
teins were electrophoretically transferred to nitrocellulose and 0.5- the use of the solid-phase assay we assayed each
cm strips were cut. MAbs at a 1/50 final dilution were preincubated truncated peptide for capacity to block binding of 33.6
with bufler (Con) or with 50 #g of the indicated peptide for 30 min at to GP-2 in Western blots. All the peptides shown in
37', and then used in a standard Western blot protocol to detect
GP-2 on the indicator strips. Binding was visualized using 21 protein Table 3 containing the seven amino acid core se-
A as described under Material and Methods. Only peptide 370-382 quence Tyr-Ser-Lys-Phe-Trp-Try-Leu (372-378)
blocked binding of 33.6 and 9-7.9 to GP 2. exhibited blocking activity (data not shown); however,

peptide 376-382 not containing the entire 372-378
core sequence did not block binding of 33.6 to GP-2

Aliquots of MAb 33.6 were preincubated with each of (Fig. 3). Peptide 374-382 was of particular interest
the three peptides and then titered by ELISA against since it completely blocked binding of 33.6 but only
LCM, Junin, or Tacaribe antigens (Fig. 2). Again, reac- partially inhibited 9-7.9 binding to GP-2.
tivity of the antibody with each of these substrates was
abrogated after incubation with peptide 370-382. Molecular nature of species specificity of MAb 9-7.9
Futher evidence that the peptide contained a con-
served epitope was obtained by Western blotting and We found it surprising that MAbs 33.6 and 9-7.9
by immunofluorescence assays in which peptide both recognized a common nine amino acid peptide in
370-382 alone blocked binding of MAbs 33.6 and view of previous results, indicating differences in their
9-7.9 to Tacaribe and Junin viral antigens (data not recognition of diverse arenaviruses (Table 1) and their
shown). assignment tc separate although overlapping epitopes

Fine mapping of epitopes on peptide 370-382

Previous studies (Parekh and Buchmeier, 1986) A C

have shown that MAbs 33.6 and 83.6 recognize a ,0

common epitope, GP-2A, while MAb 9-7.9 reacts with
a topographically overlapping epitope, GP-2B: how- i

ever, present results indicated that both epitopes are of-

contained in a nine amino acid segment within peptide
GP-C 370-382. In order to establish the limits of these
epitopes and the molecular basis of their differences in 02

virus specificity we constructed a series of peptides
with a common carboxyl terminus corresponding to 2 2 3 1 , 2 3 4 1 2 3 4

Lys 382 and spanning 368-382, 370-382, 372-382, -iog Diution

374-392, and 376-382 and •lUa"ntitated antibody Fic. 2. Slock:ng of. zcndinq of ;.MAb 33.6 to OCd and Nev V,'o;d

binding to each by ELISA. These data are presented in arenaviruses by peptide 370-382. MAb 33 6 was incubated with

Table 3. It is evident that ELISA titers decreased from peptides as indicated in Fig. 1 and used in ELISA against (A) LCM
virions. (B) Tacaribe infected cells, (C) Junin-infected cells LCM Old

>40,960 to 2560 for both monoclorals when residues World arenavirus. Tacaribe and Junin: New World arpnavirus (0)

370 and 371 (Cys-Asn) were deleted, and all residual MAb 33.6 alone. (O) 33.6 + peptide 353-370: (6) 336 + 370-382.
reactivity was lost with omission of residues 372 and (0) 33 6 4 378-391.
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TABLE 3

EFFECT OF AMINO AND CARBOXv TERMINAL DELETIONS ON REACTIVITY OF MAbs 33.6 AND 9-7.9 WITH CONSERVED GP-2 SEQUENCES

ELISA titer Blocking activity

GP.C Peptide 33.6 9-7.9 GP > LCM° 33.6 9-7.9

Expt 1
368-382 PYCNYSKFWYLEHAK >40,960b >40,960 160 +C +
370-382 CNYSKFWYLEHAK >40,960 >40.960 40 + +
372-382 YSKFWYLEHAK 2,560 2.560 <10 + +
374-382 KFWYLEHAK 40 10 10 + +

376-382 WYLEHAK <10 <10 <10 - -

Expi 2
368-378 PYCNYSKFWYL >40,960 >40.960 NDO + +
370-378 CNYSKFWYL 6,400 6.400 ND + +
372-378 YSKFWYL 1.600 100 ND + +

' Hyperimmune guinea pig antiserum to LCMV.
b Reciprocal of highest titer showing positive reactivity in ELISA.
c + indicates that peptide in solution blocks reactivity of indicated monoclonal antibody in Western blots.

I ND, not done.

(Parekh and Buchmeier, 1986). We sought then to ing attributable to this region were observed (data not
probe these differences in more detail by constructing shown). As evident in Table 4, substitution of Thr for
peptides with single amino acid substitutions consist- Ser at position 373 had little effect on antibody bind-
ing of Ser --, Thr at residue 373 and Phe -• Tyr at ing; however, the Lassa-specific Phe -- Tyr change at
residue 375. These changes correspond to the se- position 375 resulted in almost total loss of binding by
quences in this region of Pichinde and Lassa viruses, MAb 9-7.9 without loss of 33.6 binding. Since 33.6
respectively. The carboxy terminal sequence Leu- reacts with Lassa virus and LCMV and 9-7.9 reacts
Glu-His-Ala-Lys which is found only in LCMV was left only with LCMV, the results with these peptides sug-
intact for convenience. In other experiments in which gest that the basis for this difference in specificity is
the exact sequences of LCMV and Pichinde which the Phe -- Tyr substitution.
differ in this region were tested no differences in bind- Reactivity of these MAbs and substituted peptides

in solution was tested as indicated before by incuba-
tion of antibodies with peptides and immunoblotting

33.6 9-7.9 with purified LCM to detect GP-2. The Lassa-specific
Peptide 8 1 2 3 4 5 . 19 substitution of Phe for Tyr only slightly diminished the

blocking activity reaction with 33.6 as indicated by
-14 weak binding to LCMV GP-2 in the Western blot. The

Lassa equivalent substitution abolished the blocking
GP-2-e - • * • .*lpe •-•! activity of the peptide for MAb 9-7.9, as indicated by

""- -• the full reactivity of that monoclonal against GP-2 re-
"maining after incubation with peptide (Fig. 3).

FIG. 3. Blocking effect of amino terminus deleted and substituied
and peptides on binding of MAbs 33 6 and 9-7.9 to LCMV GP-2. Polyclonal antibodies against Old and New World
MAts were incubated with peptides as indicated (Fig 1) and used in arenaviruses bind specifically to peptide 370-382
Westprn blots with LCM proteins.

GP-C Sequence Having established that peptide 370-382 contains
1- 368-382 PYCNYSKFWYLEHAK the conserved epitope in the arenavirus 9Iycoprotein,
2: 370-382 CNYSKFWYLEHAK it was of interest to determine whether GP-C 370-382
3: 372-382 YSKFWYLEHAK was recognized in the context of native protein in the
5 376-382 FWYLEHAK infected host. Polyclonal antisera against LCM, Lassa,
Pic Thr 373- Ser PYCNYTKFWMYLEHAK and Junin were tested in ELISA with peptides
Las: Phe 375 -Tyr PYCNYSKYWYLEHAK 353-370, 370-382, and 378-391 (Table 5). Specific
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TABLE 4

EFFECT OF AMINO ACID SUBSTIruTIONS CORRESPONDING To LASSA AND PICHINDE SEQUENCES ON REACTIVITY OF N.Abs 33.6 AND 9-7.9

Reciprocal ELISA titer

Viral sequence Peptide 33.6 9-7.9 GPaLCM4

LCMV GPC 368-382 PYCNYSKFWYLEHAK >40,960 >40,960 160
Ser (374) Thr" PYCNYTKFWNYLEHAKd 40,960 10,240 10
Phe (376) Tyrc PYCNYSKYWYLEHAK 10,960 160 10

GPaLCM guinea pig anti-LCM serum.
SSubstitution corresponding to Pichinde virus.
C Substitution corresponding to Lassa virus.
o Amino acids LEHAK are unique to the sequence of LCMV and are not found in Lassa or Pichinde viruses.

binding of all of these antisera was observed with LCMV-ARM GP-2 (Southern et al., 1987) to map the
peptide 370-382. As above, binding in solution was binding site of three monoclonal antibodies against
determined by incubation of the LCMV immune guinea two topographically distinguishable epitopes on native
pig serum with peptides, and assaying by immunoblot- GP-2 (Parekh and Buchmeier, 1986). Both direct solid-
ting (Fig. 4). Maximum inhibition of binding to GP-2 phase ELISA and binding assays in solution have
was approximately 70% at both 1/50 and 1/100 dilu- shown that this site consists of a stretch of nine amino
tions as determined by quantitation of the 1251 radioac- acids spanning residues 370 -378 of LCMV GP-2 and
tivity in the excised GP-2 bands from the nitrocellulose is largely conserved among four other arenaviruses for
strips. which sequence is available (Fig. 5) including LCMV

Polyclonal guinea pig serum was also tested for re- strain WE (Romanowski et al., 1985), Lassa (Auperin et
activity against the truncated and substituted peptides al., 1986), Pichinde (Auperin et al., 1984), and Tacar-
described in Table 3 and 4. As in evident from the data ibe (Franze-Fernandez et al., 1987). The observation of
in those tables, deletion of the amino terminal residues conservation of this sequence across a broad repre-
or substitutgon resulted in loss of reactivity of the poly- sentation of arenavirus from the New and Old World
clonal antiserum. groups (Howard, 1986) suggests that it represents an

DISCUSSION important functional or structural component of the

We have employed a series of synthetic peptides virus. We have not as yet been able to assign func-

derived from the deduced amino acid sequence of the tional significance to this site. Neither MAb 33.6 nor
9-7.9 mediated complement independent virus neu-
tralization in our hands although 9-7.9 shows modest

TABLE 5 neutralizing activity when guinea pig complement is

REACTIViTY OF POLYCLONAL ANTISERA TO ARENAVIRUSES WITH PEPTIDES

353-370, 370-382, AND 378-391 iN ELISA

353 39, Peptide 353-370 370-382 378-391 None
GPC OOLLMRNHLRDLMGVPYCNYSKFWYLEHAKTGETSVPKC " ' Antibody == D

Serum 353-370 370-382 378-391 Dilution U- U, --

Ant,-LCMVIV
(guinea p,(j) <50 320 <5 NP-'0 * , .0

Anti"Jun-nC GP 2--, .0 1.*,
(human) <5 160 <5

Ant,.LassaO - - J
(rhesus monkey) <5 20 <5 ,

Normal human' <5 <5 <5 I-

LCMvAi,-Ar GF.C aniou aci.s 353-39i ds uescr,beo oy 5outirern ano - .

B Shop (19871
SRecirrocaý of highest dilution shovinjg reactivity in ELISA as indicated.
* Late convalescent serum from a Ioboratory infection
"* Lassa ccnvaiescent sera obtainel from Or P. Jahrhing, UiSAMRID (Fort FIG. 4. Irtmunobtotting of polyclonal anti-LCM serum with LCMV

Detrick. rredenck. MD). protein Serum diutions were incubated with 50 mg peptides (Fig. 1)
I Five normal human sera were tested. and assayed by Western blotting.
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added to the reaction (Buchmeieretal., 1981). In con- to the Pichinde virus sequence) had no effect on bind-
trast, several monoclonals against GP.1 have been ing of either monoclonal, but a Phe -. Tyr change at
shown to be strongly neutralizing in the absence of 375 (corresponding to the sequence of Lassa virus)
complement (Buchmeier et al., 198 1: Bruns et al., rendered MAb 9-7.9 unreactive without affecting bind-
1983; Parekh and Buchmeier, 1986). The question of ing of 33.6, suggesting that Phe 375 is an important

structural significance is a subject of current investi- contact residue for the former but not the latter. Esti-
gation. We and others have suggested that LCMV mates of the shortest continuous stretch of sequence
GP-2 is a transmembrane glycoprotein which interacts which retained reactivity were made by ELISA and by
inside the virion with the nucleocapsid complex (re- blocking assays. By ELISA the minimal peptides re-
viewed in Buchmeier and Parekh. 1987). If this inter- taining significant reactivity with both 33.6 and 9-7.9
pretation is correct then in all likelihood the 370-378 contained the nine amino acid core sequence GP-C
site lines on the external side of the membrane since 370-378 (Cys-Asn-Tyr-Ser-Lys-Phe-Trp-Tyr-Leu).
antibodies 33.6 and 9-7.9 both react with surface The actual epitope is likely to be somewhat shorter
components of intact virus-infected cells (Buchmeier, since peptides containing the seven amino acid core
unpublished observations). We are currently extending sequence GP-2 372-378 blocked the activity of 33.6
our studies to determine whether the 370-378 site when incubated in solution and subsequently assayed
participates in recognition by virus-primed helper or by Western blotting. The 33.6 epitope may be con-
cytotoxic T cells. tamned within the five amino acids spanning 374-378

Mapping of antibody-binding epitopes on viral pro- since peptide 374-382 inhibited 33.6 binding in the
teins has proven valuable in interpreting the nature of Western blot assay (Fig. 3). This size is consistent with
antigen recognition and of mutational changes which those of continuous epitopes mapped in other viral
allow the pathogen to escape neutralization. We have systems (Elder et al., 1987; Houghten, 1985). The dis-
previously shown (Buchmeier et al., 1980) cross-reac- crepancy between the results obtained by solid-phase

tivity of one of our monoclonals, 9-7.9. with the non- ELISA and by solution phase blocking may reflect
pathogenic arenavirus Mopeia (previously Mozam- constraints imposed on antigen-antibody interaction
bique) but not with the pathogenic Lassa virus. In in the solid-phase system. Data presented in Table 3
contrast, MAb 33.6 reacts avidly with both of tnese support this notion. Comparing binding titers of 33.6
viruses as well as with LCMV and a variety of South and 9-7.9 against peptides 370--382 and 370-378, we
American New World arenaviruses. In view of this dif- observed a decrease in titer against the shorter pep-
ference in specificity of virus recognition it was of inter- tide (>40,960 vs 6400) which was restored with the
est to us that both antibodies mapped to a common addition of two additional amino acids at the N-termi-
nine amino acid segment of GP-2. Previous work (Par- nus (peptide 368-378; titer 40,960). Amino acids
ekh and Buchmeier, 1986) showing that 33.6 and 379-382 are unlikely to contribute to antigenicity
9-7.9 overlap topographically coupled with the results since in other experiments where the LCMV sequence
obtained in this study with peptides containing single (Cys-Asn-Tyr-Ser-Lys-Phe--Trp-Tyr-L.eu-Glu-His-
amino acid substitution at positions 373 and 375 pro- Ala-Lys) was compared with the homologous se-
vided a theoretical basis for this specificity and further quence from Pichinde virus (Cys-Asn-Tyr-Thr-Lys-
evidence that the sequence 370-378 contained two Phe-Trp-Tyr-Ile-Asn-Asp-Thr--Ile), where the five
epitopes. A Ser -- Thr change at 373 (corresponding carboxyl terminal amino acids are not conserved, both

peptides reacted equally with MAbs 33.6 and 9-7.9.

Tr Vr V 212763 , v Binding the peptide antigen to plastic would be ex-

GP, I GP2 pected to restrict mobility and therefore freedom to
N I react with antibody. The effect of this restriction iL

likely to become more severe as the peptide ap-

proaches the size of the minimal epitope.
Alternatively the difference in results between solu-

" ';A t~on and solid-phase assays may be in part quantita-
*, A tive. In solution blocking assays, approximately 50 ug

PO PCMTI Aw 0 1 (0.05 ,mol) of peotide 372-378 was offered to 0.5 .o
; -. , " iC, of monoclonal IgG (ratio of 10' Mmol peptide/Mug 1gG).

In solid-phase, plates were coaled with 0.1 ug/well
FIG. 5. Schematic diagram of GP-C chowing the pcsition of the (10-4 .mol) and a 1/10 initial dilution of MAb contained

conserved antigenic site. The proteolytic cleavage site of GP-C to
yield GP-1 and GP-2 is shown al amino acids 262 -263 (Buchmeier 0.25 Ag IgG, thus the ratio was 4 x 10-' umol pep-
et al., 1987) Potential N-iriked glycosylation sites (Y) are indicated. tide/mg IgG. If difference in peptide concentration was
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Structure and Expression of Arenavirus
Proteins

M. J. Buchlweier, K. E. Wright, E. L. Weber,
and B. S. Parekh

INTRODUCTION

Lymphocytic choriomeningitis virus (LCMV), like all arenaviruses, has
the capacity to establish persistent infection in vivo. Such persistent
infection both guarantees survival of LCMV from one generation to the
next and poses the challenging intellectual puzzle of unraveling the
mechanism of virus persistence in vivo. Studies described below have
focused on two primary aspects of arenavirus infections. i.e., their
protein synthesis and expression and their antigenicity, and we have
attempted to correlate in vitro biochemical and immunologic data with
biological observations during acute and persistent infections. In this brief
review, recent findings which highlight some of the important features of
the protein structure of LCMV and other arenaviruses are described and
related to biological and immunological phenomena observed during
acute and persistent virus infections.

STRUCTURAL PROTEINS OF ARENAVIRUSES

The structural proteins of purified arenaviruses were first studied by
Ramos et al. (22) with Pichinde virus and by Pedersen (20) with LCMV.
Numerous other descriptive studies of the proteins of these agents
fullowcd, dild ut, datic Niluctural proteia of di least ninie different
arenaviruses have been examined (summarized in reference 9). Despite
differences, a number of common features have emerged. Arenaviruses

M. J. Buchmeier, K. E. Wright, E. L. Weber. and B. S. Parekh - Department of

Immunolog), Research Institute of Scripps Clinic, La Jolla, California 92037.
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35 LCMV

Figure 1. 1 "Slmethionine-labeled LCMV separated by sodium
NP dodecyl %ulfate-polvacrylamide gel electrophoresis. In addition
GP I - to NP. GPI. and GP2, the positions of migration of several minor

GP-2 proteins are marked- One of these. p200. has becn shovwn by us
to correspond to the L gene-encoded 200-kilodalton protein (see

•p25  text).
.p2o

all contain a major dominating protein which is the viral nucleocapsid
protein (NP; 60 to 68 kilodaltons). NP constitutes up to 58% of the protein
in arenaviruses (28) and is easily detected in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels by protein staining or by radiola-
beling with amino acid precursors such as 3H-]leucine or ["5 S]methionine
(Fig. 0. The viruses also contain either one, as reported for Tacaribe and
Tamiami viruses ( II), or two, as reported for LCMV and Pichinde virus
(4. 28), glycoproteins of somewhat lower molecular weight than NP.
Other minor proteins have also been detected. but their origin has until
recently been largely a subject of conjecture. Predominant among these
quantitatively minor proteins is a 180- to 200-kilodalton protein termed L
in Pichinde virus (13) and LCMV (26a), which is likely to be the viral
RNA polymerase.

Recent advances in our understanding of the molecular genetics of
arenaviruses have cleared up some of the ambiguity surrounding the
identity and derivation of the viral proteins. As recently detailed in
reviews by Bishop and Auperin (2) and Southern and Bishop (27),
molecular cloning approaches have definitively assigned NP and the
glycoprolein precursor (GPC) of glycoproteins GPI and GP2 to the S
RNA segments of LCMV and Pichinde virus. These two open reading
frames, which are arranged in an ambisense orientation (2). completely
account for the coding capacity of S.

We sought to establish definitively the linear orientation of GPI and
GP2 within the GPC-coding region at the 5' end of the viral S RNA. Using
the methods described by Hunkapiller el al. (16). we first attempted to
determine the N-terminal sequence for each of the glycoproteins isolated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis separation
and extraction fron the gel matrix. Despite the presence of sufficient
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quantities of protein. %,e v ere unable to degrade the amino terminus.
presumably because it was blocked. To resolve this problem, we devel-
oped an alterratuve strategy involving the use of synthetic peptides
deduced from the nucleotide sequences of two strains of LCMV. strains
ARM and WE.

Peptide(s were selected from predominantly hydrophilic stretzhes
within the predicted LCMV ARM glycoprotein-coding sequence and
were used to raise antisera in rabbits. By their reactivity with the viral
glycoproteins GPI and GP2. these antisera defined the orientation of the
glycoproteins on the precursor and the probable site of proteolytic
cleavag•c

Previous studies (1. 4. 22) showed that the GP2 proteins of LCMV
and Pichir, virus were probably integral membrane proteins. Dissocia-
tion of virions with mild detergents resulted in a complex of GP2 with
viral nucleocapsid complexes. suggesting that the former spanned the
membraae. GPI. in contrast. is highly exposed on the virion envelope, as
indicated by its susceptibility to surface iodination and its targeting by
neutralizing antibodies. Recent studies have delineated the sequences of
several arenavirus GPC genes. and a number of common features among
them have cmerged (Fig. 2). All have prominent hydrophobic stretches of
20 to 31) amino acids near their carboxy termini: these stretches are
thought to serve as membrane. and possibly transmembrane. anchor
sequences. There are. however, two additional hydrophobic sequences
within the a.i-i -o !erminal 50 amino acids. The first of these. spanning
approximately the first 30 amino acids. is likely to be a signal sequence by
analogy with other membrane glycoproteins. The second. spanning amino
acids 30 to 50 of GPC. may provide an alternative membrane anchor
sequence for the precursor or cleaved products or both.

Considerable structural homology is evident among arenaviruses in
the carboxyl half of GPC. whereas much divergence is found in the
amino-terminal domain (27). In particular. a motif appearing between
LCMV (iPC amino acids 225 and 285 was found to be repeated in
Pichinde and Lassa viruses (Fig. 3). This motif consisted of the
amino ac:d sequences ,,_LIIQNXTWEXHC,.,, and ,72ISDSXGXX
XPGGYCL:-,. bracketing a pair of basic amino acids. RR or RK. which
appeared to be likely targets for membrane-bound or extracellular prote-
aes. Antisera were prepared to each of the flanking conserved peptides
and to a third peptide immediately to the left of the RR pair. The peptide
closest to the carboxyl terminus elicited an antiserum reactive with GP2,
whereas the two peptides to the left of the RR pair elicited GPI-specific
antibodies (Fig. 4). Thus. it appears highly likely that the RR doublet at
GPC amino acids 262 to 263 constitutes the site of proteolytic cleavage to
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ARM4 HGQIVTMTtA LPHIIDEVIN IVIVLIVIT GIKAVYNFTA CGITALISFL
WE KGQIVTNFEA ;.KIIDEVIN IVIIVLIIIT SIKAVYNFAT CGILALVSFL
LA NGQIVTFrQE VPHVIEEVMN IVLIALSVLA% VLXGLYNFAT CGLVGLV~1FL
PV MGQ!VTL!QS ZPEVLOEVFN VALUIVSVLC IVKGFVNLXR CGLFOLVTFL

CONSEAVED MOO! VT P EVI N ! K N CG L FL

LLAGRSCGNY GLXGPDIYXO VYQFKSVEFD MSHN'JLTMPN ACSANNSHHY
FLAGPSCONY CLNGPDIYKC VYQTKSVErO MSIILNLTMPN ACSVNHSHHY
LLC~kSCT .... TSLYKG VYELOTLELN METLNMTMPL SCTKINSNMY
ILSGRSCDSM NZORRSINLFI VEFNLTMFO NL.... PQ SCSXNNTHHY

L GRSC V P C NN NKY

ISMGTS... .0 LELTFTNDSI !sKNFCNLTS AFNKKTFDHT LMSIVSSLML
ISHGSS... .G LtPITFNOSI LNHNTCNLTS ALNiKKsrDHT LMSIVSSLNiL
NMVGNEC. .G LLTLINTS]I NI4KFCNL.SD AHKXNLYDHA LMSIISTTHL
YKGPSNZTTWG IELTLTNrSI ANLTSCNrSN ZOSL4YGHIS NCDRTREAGH

G E T THS!

SIRGNSNYKA VJSCD1'HNG ............... . TOYNLTF SDAQSAOSOC
S!RGNSNYKA VSCDFNNG ............... .ITIQYNLSS SDPQSAJ¶SOC
S!PNFNCYEA NSCDFNGG... I...X....!SVOYNLSH SYAGDA.ANKC
TLI04LLNELH TIIv~ivrRmi GARCXTVEOA OVLIQYIILTV GDRGGEVGOKN

QYHL

RTFRGRVLDP4 r.PrAt0GGKY HASGiJCiJIS OGtT-W.CSQ TSYOYLUCQN
RTFRGRVLDN F.RTArGGKY NRsGwi0VTGs DGYTTW.CSO TSYQYLIION
CTVANO'JLOT rmR)IAwGCsy I .... ALD SGRGIIWOCIM TSYQYLIIQN
LIASLAQIIG DPK!AWVGKC FNNCSGDTCR LTIJCEGGTM. . .YNFLIIQI4

A G Y LILQi4

RTWENHCTYA . TGsZ ~QK~ FRT~L.ýG TW TLSDSsGvriN
RTWENHCRSA . OPFCMSP! LFAQEiVTKrL T* LSGTFTW~ TLSDSSGVEN
TTWEDMCQfS APSPIGYLr.L LSQRRDIY! S LL&TFTW TLSDSEGXDT

AAM iTT14ENHCTYT ... PMATIRMq ALQ~rAYSSV S( LLGFFTW DLSDSSCONV
w, LCMV Old Wodw -,W NC P TL G FTW LSDS G

LALsaVrsPGGYCLTK'M IL.AAELKCFZ; tTAVAXCIIVUi HDAEFCOMLP '-DYNKAAL.SLA - msis irutPGGYCLTrWd ILAACLKCfG tITAVAKCNVN NOEEFCOMLR L:DYNKAALS
PV Pth-ne Vus Ne Wod GGYCLTRWN L!EAELKCFC ILTAVAIKCNEX HOEZFCDM4.R LrDFPIKQAIQ
1W- rcr~~ irs e~W~ld PGCYCLEOWA I iwAGiKcro NTVHAKCNirK) HIJEECDTMR LrorNQNiAIX

PGGYCL W A KCF HT AKCH Hi ETCD PRL DN A

IrFICCVESAL NLTKTTV)ISL !SDOLLM4RNI4 LROLNCVPr HYSKFNYLEN
IOFKQDVESAL HVFKTTLNSL I SiQLLXiRNN LRtDLMG01PYtIC NSKFYLEH
RtLICAEAVMS! QLINKAVNAL INDOLIMVNH LPOINGIPYC 14YSKYWYLNH
r1LOUVENSL NLFKKT!NCL ISDSLV!RNS L)KQLAIKI PYC iiYTKrWYIrJO

H L IDL N L PYC NY i(WY

GECTSVPK CWLVTNGSYL IITHFSDO!E QEAGHMIZTE LRIKOYtKRQ-
ýFGE1TSVPK CNLVTNCSYL NEIHTSDCIE OEACHNITEN LRIKDYIi,.QýG

?flGRtTSLPK CWLVSNGSYL ?4LTHIFSOCIE QOADiNMITErM LKEYMrRQ(
T!TGRHSLPQ CWLV!IHrGSYL NETHrKIIrWL WESCHLYNEM LJ.MKCYEEROG

TG S P CWLV GSYL iNE r 14 EM L K Y RQG

STPLAUEOLL HrSTSAYLVS IFLM-LVXIPT NPKZKGGSCP FPHRLTNIKC
STPLALMDLL HrSTSAYLIS 1FLNFVRPI7 NRIIKGGSCP KPHRIJTNKC?
KTPIALVDLF VFSTSIYLIS IrLSILVKIPT HRHIVGKSCP KPHRLNHMGI
I(TPLALTOIC tW$rLVFYTIT VFUIIVGIPT NRMIIGOCCP KPHRITRNSL
TPLL D S y FL4 V IPT MNRI G CP KPHP

CSCOAIFKVPG VKTIWKRB
CS CO LVKQPC VPVKNKR
CSCOYYKVKR NLI14O
CSCo K

Fl~ure 2. Deduced polypeptide sequences of LC:MV ARM and WE. as well as Lassa (LA)
ant' Pichinde (PV) viruses. Conserved amiino acids are more frequent in the carboxyl half of
GPkC. '-hich corresponds ic, the GP2 glycoproiein after protcolytic cleavage. The peptide
sequ--nc.e identified as containing a group-specific ?ntigen in LCNIV is hoxcd.
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Figure 3. Structure around the GPC cleavage site of LCMV. Pichinde virus, and Lassa
virus. Consensus N-linked glycosylation sites (N x S or N x T) are indicated as Y. Peptides
synthesized to make antisera as described in the text and shown in Fig. 4 are underlined.

produce the mature glycoproteins from the GPC precursor. From other
studies (4), ',e know that this cleavage occurs rapidly and is probably
coincident with oligosaccharide processing of the mannose-rich GPC to
the mannose-depleted viral proteins. We also have preliminary evidence
that glycosylation is a prerequisite for this proteolytic processing. Such
results are consistent with findings with a number of enveloped virus
systems, including Sindbis and Semliki Forest virus E2 glycoproteins (12.
24) and for yellow fever virus NS and M proteins (23). Still. the

1 2 3 4

Figure 4. Western blot reactivitý of peptide antisera showing
the proteolytic cleavage site of LCMV GPC. Lanes I to 4 .
represent the reaction of antisera to LIIQNRTWENHC. .i -

SQEKTKFFTR. and LSDSSGVENPGGYC and polyclonal an-
tiserum to LCMV. rcspc,:ively.

-',.#.k , rt , .v.-.

-to
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proteolytic enzymes responsible for affecting these cleavages are largely
uncharacterized. In the alphaviruses and flaviviruses in particular, cleav-
age is thought to involve intracellular action of a combined trypsin and
carboxypeptidaselike activity functioning late in the secretory pathway
(23, 24). Our results with LCMV are consistent with this model. We
previously reported that only the fully processed glycoprotein products
reach the cell surface (4).

Extracellular or postviral maturation cleavages of coronavirus. para-
myxovirus,. orthomvxovirus. and retrovirus glycoproteins are associated
with the activation of cell fusion potential mediated by one of the products
of cleavage. We have no evidence yet for biological activity associated
with the cleaved LCMV glycoproteins; however, the amino terminus of
GP2 liberated by cleavage at the RR site consists of a predominantly
hydrophobic stretch of amino acids, LAGTPTWTL. Currently, we are
studying this and other regions of the LCMV glycoproteins, taking
advantage of synthetic peptide technology to define important functional
regions. We have also used these techniques to definitively identify the
gene product of the L RNA of LCMV as a 200-kilodalton polypeptide
associated with the ribonucleoprotein complex (Singh et al., in press).

One might reasonably ask whether these studies of LCMV glycopro-
tein structure and processing are relevant to infection in vivo. During the
transition from acute to persistent infection following neonatal inocula-
tion of mice. we have observed a down-regulation or modulation of the
expression of LCMV glycoproteins in infected cells (17). This down-
regulation occurs predictably following either in vivo or in vitro infections
and ultimately results in a cell or tissue that expresses little viral
glycoprotein but that has abundant viral nucleoprotein within its cyto-
plasm and no cytopathology. This state provides potential advantages for
persistence. since the load of viral antigen is low and cells are competent
to perform normally enough for survival. Therefore. it is clear that
understanding the mechanism of glycoprotein gene regulation in acute
and persistent states is a significant piece of the puzzle of persistence.

ANTIGENICITY OF THE ARENAVIRUSES

Arenaviruses differ in their susceptibi!ity to antibody-mediated neu-
tralization. Neutralizing antibodies to LCMV have been shown to be
diie;ted igainist the GPI glycoprotcin. Similarly, monoclonal antibodies
against the single glycoprotein of Tacaribe virus mediated highly efficient
virus neutralization (15). Moreover. by using competitive binding assays
and analysis of neutralizatuon-resistant mutants, it was possible to map
two distinct epitopes on Tacaribe virus type G. One epitope. character-
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Figure 5. Summary Of CpIl)pe mapping of? I.CMV monoclonal antibodies to GPI and GP2
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tied h•o tur monoclonal antibodies. ,was the target of highly efficient
neutralization. %Ahcreas a single antibody to a second site was less so.
leaving a large nonneutralizable persistent fraction. Failure to neutralize
%s not likely to be due to virus aggregation. since addition of a sceond
antibody to the alternate site resulted in further reduction in virus titer.
Analysis of neutralization kinetics for the highly efficient monoclonal
antibody suggested that the reaction followed double-hit kinetics.

We have assessed the antigenic topography of the LCMV glycopro-
teins by using a large library of monoclonal antibodies against GPI and
GP2 to map the epitopes on these molecules (19). Elicitation of neutral-
izing monoclonal antibodies to LCMV in the BALB,'c mouse was a
relatively infrequent event. Only 6 of 46 antibodies to the LCMV
glycoproteins neutralized virus infectivity in vitro. Five of these antibod-
ies were raised against LCMV WE and were mapped by competition
binding assaý to a single conformation-dependent epitope (GPla) shared
by both ARM and WE strains and other LCMV strains (Fig. 5i. The sixth
neutralizing monoclonal antibody was uniquely specific for LCMV ARM.
and its binding to that strain was only marginally affected by the other five
antibodies. suggesting binding to a topographically related, but not
identical. epitope (GPId). Nonneutralizing monoclonal antibodies were
found to be directed against two additional sites of GPI. (GPIb and
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GPIc), as well as against three sites on GP2. The relevance of these data
to the polyclonal antibody response was investigate-.i by using a potent
neutralizing antiserum raised in guinea pigs. Th,. antibody reacted
predominantly with conformation-dependent structur..; on G.P1. as indi-
cated by its failure to bind in Western immunoblotting. .and i!s binding
was completely inhibited by any of the five LCMV WE. peciic reutral-
izing monochunal antibodies against site GPla. These results imply that
the LCMV WE GPI has a single immunodominant neutralizing anuigenic
determinant (GPla) and that LCMV ARM bears an additional topograph-
ically related but not identical site (GPId). Attempts to neutralize other
arenaviruses have met with mixed success. Antisera collected from
patients and antisera produced experimentally show potent neutralizing
activity against Junin virus, whereas similar reagents collected from
patients convalescent with Lassa fever show rather low neutralizing
potency unless complement is added to potentiate the effects of antibody
(21). Virus neutralization is discussed in greater depth by Howard (14).
but from the brief treatment here it is evident that more information about
the molecular nature of neutralizing antigenic determinants of arenavi-
ruses is necessary before rational approaches to immunotherapy and
immunization can be made. Obviously, one needs to define a structure
which will elicit strong protective immune responses without the risk of
triggering immunopathologic disease.

Toward this end, we have recently studied in detail a group-specific
antigen conserved on the glycoproteins of all arenaviruses. In previous
studies 16) we described a monoclonal antibody, 9-7.9, which cross-
reacted between LCMV and the African arenavirus Mopeia (Mozam-
bique) virus. Subsequently we isolated several more group-reactive
monoclonal antibodies, and one of these, 33.6, is of particular interest.
This monoclonal antibody reacts with GP2 glycoprotein of LCMV and
cross-reacts with both New World (Pichinde. Junin, Tacaribe. Amapari,
Parana. and Machupo) and Old World (LCMV and Lassa. Mopeia. and
Mobala) viruses. Given this promiscuous cross-reactivity, we sought to
define at the molecular level the binding site of 33.6. During this and other
studies. we synthesized a series of nested peptides corresponding to over
90% of the GPC sequence. Monoclonal antibody 33.6 was screened for
reactivity against this panel. and we found that it reacted only with one
peptide. corresponding to GPC (GP2) residues 370 to 382 (Table I).
Further analysis demonstrated that both the 33.6 epitope and the previ-
ously described 9-7.9 epitope mapped within a nine-amino-acid segment
spanning residues 370 to 378. which contains five amino acids conserved
among LCMV, Lassa virus, and Pichinde virus (Fig. 6).

Assays with N-terminal deletions from this sequence suggested that
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Table 1. Reacivitt of MIonoclonal Antibodies w~ith Peptides 353 to 370. 370 to 382. and
1-8 to 391' in Entyme-Linked Immunosorbent Assay

Monoclonal R~eactivity with following peptide:

.jnibov 53-370 370-382 378-391

. I 1(H) 25.600 < !00
'A6 100 6400 < 100

9.7.9' <10 1.638.400 < 100

2-11.101 Hit)8 <100 <100

The Kpei~lic %cqucn,:c i% t% iioiiow
I'' 370 392 191

Monnoclonji jntghorcs 1 6. KI f3 .ind 9-7 9 hind sipecifically io pcpiidc 370 10 )82.
Negative control

the minimal epitope recognized by the broadly cross-reactive monoclonal
antibody 33.6 (cpitope GP2a) consisted of' five amino acids. GPC 374 to
378 (Lys-Phe-Trp-Tvr-Leu). Rcactivi~y of a second monoclonal antibody,
9-7.9 (cpitope GP2b), but not 33.6. was abolished when tyrosine was
substituted for phenylalanine at position 375 in the antigenic sequence
corrcsponding to a naturally occurring sequence difference between
LCMV and Lassa virus.

Thc po%%Ihilitv of a single peptide antigen containing a universal
arenavirus antigenic determinant was raised by these observations.
therefore, we assayed convalescent-phase serum samples for evidence of
react ivityv with the peptide. Polyclonal serum samples from human
patients and from animalis experimentally infected with Junin virus,

Y Y Y Y Y Y 262 263 V VY

1GP I + GP*2 498
NI1i"*ý I C

350 370 382 391

ARM L I SO0 1 L M AN HL A tM GV P CNYSKFWY LE T GF TSV PK C
Wit LI S L L M A N L RD0 LM G VP Y C N YSK F WY IE H AK T GE T S VPK C
La~ast 11001L iM K N HL k0 IM GIP YC N YS KVWYWL N HTT T G ATS IPK C

C.ý : ', V0 5S Ký ', '. A K :P Y Y T K F VV Y I NJ 0 T : T . H SS -, Q

Common Li 01L N P Y CNY K WY T G S P C

Figure 6. Schematic localization of apepiide containing an epitope recognized by mono-
chinat onilihodv 33 h oin oli areridsiruses (box). Flanking peptides (underlined) %ere used as
Lcontrols aind were not reactive wiih 33.6 (sce Table Hi.
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LCMV. and Lassa virus bound to the antigenic peptide GPC 370 to 382
but not to control peptides. As was the case with the monoclonal
antibodies. this binding activity was abrogated by blocking with the
antigenic pcptide. but not with control peptides in solution.

The observation of conservation of this sequence across a broad
spectrum of arenaviruses from the New World and Old World groups
suggests that it represents an important functional or structural compo-
nent of the virus. We have not as yet been able to assign functional
significance to this site. We found that neither 33.6 nor 9-7.9 mediated
complement-independent virus neutralization, although 9-7.9 showed
modest neutralizing activity when guinea pig complement was added to
the reaction mixture (7). In contrast, several monoclonal antibodies
against GPI have been shown to be strongly neutralizing in the absence of
complement (3, 7. 19). The question of structural significance is a subject
of current investigation.

In studies reported elsewhere in this volume, Whitton et al. have
mapped at least one cytotoxic T-lymphocyte recognition epitope to
LCMV GP2 amino acids 272 to 293. We are currently extending our
studies of the sequence from 370 to 382 to determine whether it plays a
significant role in either induction of or recognition by virus-primed helper
or cytotoxic T lymphocytes.

The present studies may prove to be of practical importance. As
described above, we have observed binding of polyclonal convalescent-
phase serum samples directed against LCMV. Junin virus, and Lassa
virus %kith the synthetic peptide. suggesting that it may be of use as a
diagnostic antigen to detect antibody against arenaviruses. Such a peptide
diagnostic reagent has several potential advantages over the currently
used virus- or infected-cell-derived antigen preparations. Among these
are los, cost, stability, and the ability to rapidly provide sequence variants
corresponding to naturally occurring viruses. We are currently exp!oring
the potential utility of the sequences we have described and correspond-
ing antibodies as diagnostic tools for arenavirus infections.

PATHOBIOLOGICAL ROLE OF SPECIFIC VIRAL GENE
PRODUCTS IN VIVO

Viial puol pcL-,idc-, And their degradation products trigger many of the
pathobiologic manifestations observed in arenavirus infection. In the
lifelong persistent infection of mice with LCMV. a wasting syndrome
characterized by the development of immune complexes composed of
viral antigen and antiviral antiaody has been well documented (8, 18).
These complexes lodge in the renal glomeruli. where they trigger a
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Figure 7. hmmunufluorecenl hocalizatlon of LCMV GPI along the ependymal cell layer of
, HAI.I c mousc infected 6 daiy' earlier with viru,. Monoclonal antibody 2-11 10 against
(,P'I •,;i, u',ed

chronic glomerulo,•.-phritis. At least one component of the virus has been
idcntilicd in the glomeruli of diseased mice. Using a monospecific
antibody to lhr NP of LCMV. we demonstrated colocalization of NP
antigen and tht. host glomerular mesangium (8).

A role of NP in neuronal dysfunction during LCMV persistence has
also bcn proposed. Rodriguez ct al. (26) observed expression of NP in
association with polyribosomes in the cytoplasm of neurons from wide-
spread areas of the central nervous system. In contrast, no significant
expression of viral glycoproteins was seen. Therefore. it was poposed
that the presence of NP on the neuronal polyribosomes compromised
their function.

Acute [CMV infection following intracerebral inoculation of the
virus results in a fatal choriomeningitis (reviewed in reference 10). We
have ,iied monnoclonal antihodies aeainst individual viral ,truictural pro-
teins to study their expression in the central nervous sysiem following
acute infection 0). Viral GPI is expressed on the apical surfaces of
ependv•mnal cells in the central nervous system (Fig. 7). At this site the
glycoprotein (and perhaps also other virally encoded proteins) triggers the
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well-characterized immune response which results in choriorneningitis
and death; this response appears to depend on the presence of virus-
directed cytotoxic T lymphocytes.

Finally, the role of the viral L gene-encoded proteins in. pathogenesis
has recently been explored by Riviere et al. (25), who used genctic
reassortants between strains of LCMV that differed in v~rulencze foc
guinea pigs. They demonstrated that L RNA-encoded products were
necessary for expression of the pathogenic potential of the virus, It is
clear from such studies that understanding the molecular basis of viral
persistence. regulation of viral gene products. and pathogenesis of
arenavirus infections is an attainable goal.

AcknoKwledgments. We thank Rebecca Day, Gretchen Bloom. and
Kaleo Wooddell for excellent technical assistance and Jim Johnston for
manuscript preparation.

Portions of this work were supported by Public Health Service grant
A116102 from the National Institutes of Health and U.S. Army contract
C6234. K. E. Wright was supported by a fellowship from the Arthritis
Society of Canada.

Literature Cited
I . Auperm., D. D.. V. Ronsanowski. MI. Galinski. and D. H. L. Bishop. 1984. Sequencing

studies of Pichinde arenavirus S RNA indiczte a novel coding -strategy. an ambisense
viral S RNA. J1. Vrim/. 52:897-904.

2 Bishop. D. H. L.. and D. D. Auperir. 19X7. Arenavirus gene structure and organization

3. Bruns. WI. J1. Cihak. G. Muller. and F. Lehmann-Grube. 1983. Lymphocytic chorio-
meningitis virus. VI. Isolation of a glycoprotein mediating neutralization. ViriIngv
130;247-25 1.

4 Buchmeler. MI. J., J. H. Elder. and MI. B. A. Oldstone. 1978. Protein structure of
lymphocytic chonomeningitis. virus: identification of the virus structural and cell
associated polypeptides. ViF1'10A!V 89:133-145.

5. tuchmeier, MI. J.. and RI. L. Knobler. 1984. Experimental models for immune-mediated
and immune-modulated diseases. p. 219-227. lIt P. Behan and F. Spreafico (edi..
.Veuroimnmurnoogv. Raven Press. New York.

6. Buchmeler. %11. J., H. Lewicki, 0. Tomori, and K. NI. Johnson. 1980. Monoclonal
antibodies to lymphocytic choriomeningitis virui react with pathogenic arenaviruses.
Natuore iLondon) 288:486-487.

7. Buchme~tr. NI. J., H. A. Lewicki. 0. Toniori. and M. B. A. Oldstone. 1981. Monoclonal
antibodies to lymphocytic chortomeningitis and Pichinde viruses: grneration, charac-
terization, and cross-reactivils with other arenaviruses. Virolmey' 113:73-85.

8. Buchmncier, MI. J.. and MI. B. A. Oldstone. 1978 Virus-induced immune complex
disease: identification of specific viral antigens and antibodies deposited in complexes
dunng chronic lymphocytic choriomeningitis virus infection. J. Irnniunol. 120:129'-
1304.



Arenavirurs Proteins 203

9, Buchrniier. MI. J.. atid U. . Pasrekh. :,07 Proteim struciuic .:nd expresson armong
arentiviru~e- ( w r. ],Ip. At.; I J'nomuol. 133-41-57.

10l. Buchmeier. Mi. J.. R. MI. Welsh, F .j Du 1O^ and Mi. B. A. Oldslone. 1980. The virology
and inunflnoriologyv it lvmphocsi.c choriomeningitis virus infection. Adv. Imnnoutot.

I I Gard. C. P.. A. ('. Venza. 1). H. L.. 6ishop, and R. W. Compans. 1977 Structural
prowcinN or I .cjrihc ind im;inii % irion%. Iiror/5'v 83:84-9ý.

12, (;aroff. H.. A. MI. Frisct-auf. K. Sirnoins. H. Lehrach, and 11. Delius. 1990. Nuclcteo&d
,equence (if cl~AN coding tor t rmimki Forest virus membrane glycopro'cin. Nat\ure
iLondon; 288:23f-24 1.

13, Harnish. UIX C.. K. Dimock. D). H. L.. Bishop, and W. E. Rawls. 1983. Gene mapping in
Pichinde ý~Uift j~signmeni of viriil potvpeptides to genomic L ano S RNAs. J. Virol.
46:61K-WI4

14 Howard. C. R. 19K7. Ncutfal[Ltiton of arenaviruses by antibody. Curr. Top. ifirrobtrl.
IinFI11,iol 134:117I130.

15. Howard. C. R.. H. Lewicki, L. Allison, MI. Salter. and KI J. Buchmeier. 1985. Properties
and characterization of monoclonal antihodies to Tacanbc virus. J. Gen. Virol.
66:1381-1395

16. Hunkapiller. MI. %%.. J. E. Strickler. and K. J. Wilson. 1984. Contemporary methodology
for protein structure determination. Scirn~c 226:304-311.

I7" Oldstone. MI. B. A.. and MI. I. Buchmeier. 1982. Restnrcted expression of viral
gIyvoprotein in :ells of persistently infected mice. Nature ILondon) 300:360-362.

1i4. Oldslone. MI. B. A.. A. Tishon. and MI. .1. Buchmeier. 1993. Virus-induced immune
complex di~ciace genetic control of Clq binding complexes in the circulation oa' mice
pcrsistentts infected w iih ksmphoci~tic churiomenongitis virus. J_ hnmunol- 130:912-
91M

19. Parekh. B. S.. ;and MI. .1. Buchmeier. 19146. Proteins of lymphocytic chonomeningilis
rt;aniugenic topography oit the viral glycoprolens. V'ir(Ylogs 153:168-178.

20). [I'edersen. 1. R. 1971. L.CN virus: its purification and its chemical and physical
prorivi(te,. p. 0-23 In F. L,.inidnn.GjruL'e td.). Lmrphoc sic Chierromeninigits 'Virus
aidoti/er A retmiorim cc's Springer Verlag KG. Berlin.

21. Peters. C. J. 1984 Arenaviruses. p. 513-545. In R. G. Belshc (ed.). TeAtbook of Human
'.irci/iicv. PSG Publishing. Littleton. Mass.

22. Ramos. B. A.. R. J. Couritny, and W. E. Rawls. 1972. Structural proteins of Pichinde
virus. J. lintl 10:661-4)67.

23. Rice. C. MI.. E. MI. Lenches, S. R. Eddy, S. I. Shin. R. L. Sheets. arnd J. HI. Strauss. 1985.
Nucleolide sequence of yellow fever virus:. implications for flavivirus gene expression
and exolutmon. 5Sc nc e 229:726-733.

24. Rice. C. NI.. and J. H. Strauss. 1991 Nucleotide sequence of the 26S mRNA of Sindbis
virus jnd deduced sequence of the encoded virus structural proteins. Proc. Nall. Acad.
Sri. USA 78:2062-2066

25. Riviere. 1'.. R. Ahmed, P. J. Southern. Mi. J. Buchmcler. and MI. B. A. Oldtone. 1985.
Genetic mapping of tvmphocvtic choriomeoingitis virus pathogenicity: virulence in
guinea pigs is assoc:iated ssmth the L R14A segment. J. 'Virol. 55:70.4-709.

26. Rodriguez. MI.. M. J. Buchmeler. Mi. B. A. Oldslone. and P. W. Lampert. 1983.
Ultrastructural localization of viral antigens in the CNS of mice persistently infected
with lymphoc~tmc chonomeningitis virus iLCMV). Am. J. Paihol. 110:95-100.

26a.Singh, IM. K.. F~. V. Fulltir-Pace. M. J. Buchmeler, and P. I. Southern,. 1987. Analysis of
the geniomic L RNA segment from lIrnphocytic choriomeningitis virus. Virology
161:448-456.



104 Buchmeier el Wl.

-• Southern. P. J.. and D. H. L. Bishop. 1987. Sequence comparison among arenaviruses.
Curr. Tip. kfi rr,hiol Immunol. 133:20-39.

2M. Vezza. A. C., G. P. Gard, R. W. Compans. and D. H. L. Bishop. 1977. Structural
components of Ihe arenavirus Pichinde. J. Vircl. 23:776-786.



J. gei. Viral. (1988), 69, 1893-1902. Printed in Great Britai 1893

Key words: LCMV/hybridizatonlin:erfering actihity

Deleted Viral RNAs and Lymphocytic Chorlomeningitis Virus Persistence
in vitro

By STEPHEN J. FRANCIS AND PETER J. SOUTHERN*
Department of Immunology. Scripps Clinic and Research Foundation, 10666 North Torrey Pines

Road, La Jolla, California 92037, U.S.A.

(Accepted 20 April 1988)

SUMMARY

Lymphocytic choriomeningitis virus (LCMV) infection of most tissue culture cell
lines results in a non-cytopathic persistent infection. Persistent infections in vitro share
many characteristics with persistent LCMV' infection of mice; both are associated with
decreased titres of infectious virus, restricted accumulation of viral glycoproteins at the
surface of infected cells and the generation of interfering particles. We have used gel
electrophoresis and hybridization techniques to analyse LCMV gene expression during
persistent infection of a number of tissue culture cell lines. Our study has demonstrated
that, although deleted viral RN As can be detected during persistent LCMV infection in
vitro, there may not be an obligatory association between dec,-ted RNAs and
persistence. In addition, we have found that LCMV interfering activity can be
produced in the apparent absence of deleted intracellular viral RNAs.

INTRODUCTION

Lymphocytic choriomeningitis virus (LCMV) readily establishes persistent infections in
tissue culture cell lines and mice (Buchmeier et aL,, 1980; Lehmann-Grube et al., 1980).
Persistent infections are characterized by reduced viral replication, limited accumulation of
viral glycoproteins at the surface of infected cells and the generation of LCMV-specific
interfering particles that appear very rapidly after initiation of infection (Buchmeier et al., 1980;
Lehmann-Grube et ai., 1980; Oldstone & Buchmeier, 1982; Popescu & Lehmann-Grube, 1977;
Welsh et al., 1972, 1977; Welsh & Pfau, 1972; Welsh & Oldstone, 1977; Welsh & Buchmeier,
1979). The net result is a significant reduction in the production of infectious particles.

Tissue culture cell lines infected with LCMV at either high or low m.o.i. exhibit minimal
cytopathic effects during acute or persistent infection. Two cell lines, MDCK and P15, however
can be lytically infected by LCMV (Dutko & Pfau, 1978; Jacobson et al., 1979). These cell lines
do no: generate interfering activity but can be protected from lysis, and persistent infections can
be established, when standard virus is co-administered with preparations of interfering particles
that have been generated in another cell line. These observations suggest that the non-cytopathic
character of LCMV infection is dependent on the rapid generation of interfering particles and
that interfering and!or defective interfering particles are involved with the establishment and
maintenance of persistent infections (reviewed in Barrett & Dimmock, 1986; Huang, 1973;
Perrault, 1984).

Vital pfoielins appear to bc qualitatively uncharged in purified virion preparations and cells
during persistent LCMV infection in vitro (Welsh & Buchmeier, 1979). To date, however, there
is only limited information concerning the state of the viral genome. Martinez Peralta et al.
(1981) examined LCMV RNA (strain WE) in preparations of purified interfering particles and
were able to detect the viral L segment and host 28S and 18S ribosomal RNAs but not the viral S
segment. Van der Zeijst et al. (1983) detected a number of novel intracellular subgenomic RNAs
of presumed viral origin during persistent infection of BHK cells. Gimenez & Compans (1980)
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and Dutko el al. (1976), who studied the related arenaviruses Tacaribe and Pichinde
respectively, suggested that, during persistence, a number of novel subgenomic RNAs appear in
conjunction with loss of the S segment. Therefore, the presence of novel subgenomic viral RNAs
and/or the loss of a viral genomic RNA segment have been associated with arenavirus
persistence.

The LCMV model is of particular interest because (i) it is one of the few systems in which
interfering particles can be detected during a persistent infection in animals (Jacobson & Pfau,
1980; Lehmann-Grube et at., 1980; Popescu & Lehmann-Grube, 1977) and (ii) there are
extensive similarities between the persistent infections of tissue culture cells and mice
(Buchmeier et al., 1980; Oldstone & Buchmeier, 1982). The availability of a good in vitro model
system for persistent infection of animals creates the opportunity for more controlled
biochemical manipulations than are possible in vivo.

The LCMV genomc has recently been cloned and sequenced (Romanowski & Bishop, 1985;
Sitgh et al., 1987, Southern et al, 1987) and specific probes are now available to characterize
viral RNA species and the transcription and replication strategy of the virus during acute
(Fuller-Pace & Southern, 1988; Singh et at., 1987; Southern e al., 1987) and persistent infection.
We were particularly interested in evaluating whether changes in intracellular viral RNA
species could be demonstrated in the context of persistent LCMV infections.

METHODS

Virus stocks and rnfection of tissue culture cell lines. Persistent infections were ini'iatcd either with uncloned
preparations of LCMV Armstrong CA1371 or with a triply plaque-purified stock (clone 53B) derived from the
uncloned stock. Semi-confluent monolayers of cell' were infected with virus at multiplicities of 001 to 01 p.f.u.
per cell and the cultures were trypsinized and replated when confluent. In all cases there was no reduction in the
rate of cell division as a consequence of LCM V infection and the persistent infections became stabilized, as judged
by reduced production of infectious virus and cell surface glycoprotein (GP) accumulation, within a few weeks.
Infectious LCMV was quantified by plaque assay on Vero cell monolayers (Welsh & Buchmeier, 1979). LCMV
interfering activity was determined by inhibition of plaque formation (Welsh & Buchmei -r, 1979).

Virion concentraton. A simplified scheme for concentration of virions was used to avoid the loss or inactivation
of virus commonly obsered during purification on Renografin gradients. Tissue culture cell supernatants were
centrifuged in 30 ml Corex tubes at 8000 r.p.m. for 30 min in an HB-4 rotor in an RC28 Sorvall high speed
centrifuge to remove cells and clarify the supernatant. The supernatant was decanted and centrifuged for I h at
30000 r p.m. in a TY35 rotor in a Beckman ultracentrifuge (L8-M). The supernatant was decanted, discarded, and
the pelketed material resuspended in Eagle's minimum essential medium (concentrated virion preparation). Using
thit conccntrarion scneme a 12-fold, and mi a later experiment a 120-fold, concentration of supernatant virus was
obtained. The total tire of infectiods virus calculated for the concentrated and stock supernatants was
approximately the same

Vesicular siomatitas -rrus (WSI') plaque assay. VSV stocks were titrated on L929 cell monolayers. A standard
dilution that gave approximately 50 plaques, well was used for interference assays. Interference mediated by
concentrated virion preparations (from GH3 cells) and by interferon gamma was determined by reduction in VSV
plaque formation.

RNA purqficationfrom issue culture cells Total intracellular RNA was isolated by a modification of the method
of Chirgwin ei al. (1979). Cell manolayers were washed with sterile phosphate-buffered saline pH 7.4. and ;hen
10 nil of GTC (4 m-guanidinium thiocyanate, 25 ram-sodium citrate, 0.5% Sarkosyl, 0.1 m-2-mercaptoethanol)
was added. The resultant viscous solution was vortexed for approximately 45 to 60 s, layered over 2 ml of diethyl
pyrc-cartbona'e-treated 5.7 u-caesium chloride (Sigma), 100 mm-EDTA, and centrifuged in an SW4I rotor for 16 h
at 35 Kid r.p.m. at 18 'C in a Beckman ultracentrifuge. The RNA pellet was washed with 70% ethanol and then
r: llct ed

Nuclei" acid concentration. Purified RNA pellets were resuspended in sterile water and the concentration and
purity were determined by absorbance measurements at 260, 280 and 320 nm. In addition, the amount and
integrity of rboso•rnal RNA was assessed by electrophoresis of total intracellular RNA on non-denaturing I%
agarosc mini g:|s.

RNA4 electrophoresis, RNA was denatured with glyoxal (I M) and DMSO (50%) as previously described (Francis

& Southern, 1988; McMaster & Carmichael, 1977). A standardized amount of total intracellular RNA (5 or 10gjg)
was electrophoresed on a 1,5% agarose gel in 10 mM-NafIP0/NaHPO, pH 6.5 (Francis & Southern, 1988;
Maniatis ci al., 1982). Eleit-ophoresis was performed at 14 mA ccnstant current (approx. 2.5 Vitcm) for 16 h with
continual recirculation of the phosphate buffer.
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RNA transfer and hybridization conditions. Transfer of RNA from agarose gels to nitrocellulose or Nytran filters

was performed under standard conditions (Thomas, 1983). Filters were air-dried and baked for 2 h at 80 *C.

Prehybridization and hybridization with nick-translated probes were performed in 50% formamide (deionized by

treatment with Bio-Rad AG 501-X8), 5 x SSC, 2e5 x Denhardt's solution, 50 S6-phosphate buffer pH 6a5, 0p1 %

SDS, and 100 9g/ml of sonicated salmon sperm DNA for 24 and 48 hs respectively. Hybridization with

radiolabe lled RNA probes was for 24 h at 55f C.
After hybridization, the filters were washed three times in 2 x SSC, 0o1% SDS for 30 oin at 37 1C and once in

0hb X SSC, 0M.1 SDS for 30 dsin at 55aC. The wash in 0-1 x SSC, 0-1% SDS was repeated for 30 ecin at a

temperature higher than 55 AC if necessary as indicated by an excessive background.

Sytheso of hybridization probes. Purified LCMV cDNA sequences were labelled with [u-3spedATP and
[Ct-32P~dCTP to a specific activity of ýt 2 x I V c.p.m.]ttg by the procedure of Rigby et al. (1977). Single-stranded

RNA probes were synthesized in the presence of [ an-3p] P using the SP6 promoter and polymerase system

(Melton et al., 19p4). All LCMV hybridization probes contained LCMV sequences exclusively.

RESULTS

Novel subgenomic viral RNAs are detectabledduring persistent infection of tissue culture cell lines

Total intracellular RNA was ianalysed from four cell lines GH3, rat pituitary cells (Tashjian

et ai., 1968); RIN, rat insulinoma cells (Gazdar et al., 1980); L, mouse fibroblasts; B- 13, a B cell

hybridoma (M. B. A. Oldstone et al., unpublished results)] that were persistently infected with

LCMV Armstrong CA1371. After size-fractionation on denaturing agarose gels and transfer
to nitrocellulose filters, the RNAs were hybridized with radiolabelled virus-specific nick-

translated probes from the nucleoprotein (NP) and Gh coding regions of the S segment

(Fig. I a, b, respectively). Uninfected cells did not show any virus-specific hybridization but the

persistently infected cell lines demonstrated a signal from the S segment and from subgenomic

viral mRNAs transcribed from the NP- and GP-coding regions (Southern et al., 1987). In

addition, multiple new subgenomic viral RNAs were evident in the GH3, RIN and B-r 13 cells

(using NP and GP segment probes) but no such subgenomic RNAs could be detected in the L
cell RNA.

Detection of viral L segment RNAs during persistent infection

We analysed the persistently infected cells for the presence of the full length L segment and

any subgenomic L-derived RNAs. Fig. 2 compares the results obtained with persistently

infected GH3 cells with those from acutely infected BHK cells. The filter was sequentially

hybridized with S segment (Fig. 2a) and L segment (Fig. 2b) nick-translated probes. Two faint

subgenomic L bands, present in both the acutely and persistently infected cell RNA samples,

have not been associated with expression of the L RNA segment and may be minor degradation

products or representative of low-level cross-hybridization to viral S sequences (see legend to
Fig. 2).

The L segment was readily detected during both acute and persistent infection but without

any indication of unique, L segment, subgenomic RNAs (Singh et al., 1987). The acute and

persistent infections were not identical because the relative levels of genomic S and L RNAs

changded RnA that deteted entid in persistent infections (compare the signal ratios
of L and S in lanes 2 and 4, Fig. 2a, b).

Systematic analysis of novel subgenomic RNAs found during persistent infection of GH3 cells

We extended the characterization of novel subgenomic S RNAs in GH3 cells by examining

the sequence content and polarities of the intracellular viral RNAs. Samples containing

equivalent amounts of persistently infected GH3 cell RNA or BHK cell RNA (48 h after acute

infection with LCMV) were separated on a denaturing agarose gel (see Methods). After transfer

of the RNA to a nitrocellulose filter, the filter was cut into strips and incubated with single-

stranded RNA probes that detected genomic sense or genomic complementary sense sequences

from either the 3' terminal NP region [approx. nucleotides (nt) 35 to 450], the internal NP region

(approx. nt 1200 to 1600), or the 5'-terminal GP region (approx. nt 2300 to 3400)of the S segment

(Fig. 3a).
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Fig. 1. Analysis of intracellular S RNAs from cell lines persistently infected with LCMV. Total
intraceflular RNA from four cell lines, peristently infected with LCMV for a minimum of I year, was
size-fractionated by agarose gel electrophomeis under denaturing conditions. After transfer of the
RNA& to a nitrocellulose filter. hybridization reactions were performed using radiolabelled nick-
translated probes from the viral S segment. The filter wa~s hybridized with in NP region probe (a).
completely stripped of signal, and rehybridized with a GP region irobe (b). RNAs from uninfected cell
lines were used as nelati%e controls (lanes 2.4, 6 and 8). Lanes 1 and 2, GH3 cells. lanes 3 and 4. RIN
cells; Lanes 5 and 6, L cells; lanes 7 and 8. B-I 13 cells. The NP and GP mRNAs are indicated and
prominent subgenoaiic RNA& have been marked with asterisks.

The results of the hybridizations to detect genomic sense sequences are shown in Fig. 3 (b).
The acutely infected BHK cell RNA (lane 1) displayed the expected signal from the S segment
arnd the GP rnRNA with the GP region probe. The probes from the NP and GP regions detected
different virus-specific RNAs in the GH3 RNA samples (see also Fig. 1) and, by extending this
analysis. we could begin to assemble maps of the genomic S RNA sequences that were present or
absent from individual subgeriomic RNAs. In most came, a given subgenoinic RNA appeared
to hybridize with probes of each polarity, providing evidence for intracellular replication of the
subjenomic species.

Interference during persis:.ni LCMV lnfecuioir of G113 cells
The GH3 intracellular RNA used in Fig. I and 2 had been extracted from an LCMV

Armnstrong CAI 1371 persigtently infected cell line but, after storage in liquid nitrogen. viable
cells could not be recovered. We therefore examined other 0H3 cells and expanded a cloned
GH13 cell line, GH3-21. that had been persistently infected with LCMV Armstrong CA 1371
(clone 33B) to test whether these cells produced any interfering activity. Multipit. experiments
were performed in which stock supernatant from GH3-21 cells was stored (at - 70 *C) and the
remaining supernatant (approx. 300 ml, equiivalent to culture medium from 10 T175 culture
vessels) was concentrated (see Methods). T. stock supernatant and the concentrated virion
preparations were titrated for infectious virus, and the virus pienarations were tested for
interference with standard LCMV (SV) replication anid for the presence cf interferon (see
Methods). The stock supernatant showed a sequential reduction in virus titres at all dilutions
(approximate titre 1.9 x 10' p.f.u.Im!) whereas infectious virus could be detected only in the
concentrated virus preparations at a I :2(NJO dilution, but not at a 1 :2 or 1: 20 dilution. T he fitre
of infectiosau virus in the concentrated virion preparation was approximately 4 x 10", p-f u./mI
(as shown in Fig. 4a) and, since the virion preparation was originally concentrated 12-fold, this
was in reasonable agreement with the titre of virus in the stock supernatant, The concentrated
virion preparation interfered with plaque fo~rmation by SV (Fig. 4b') uimd there was no role for
interferon in this process (Fig 4r) The interfering activity in the concentrated GH3 stock was
subsequently shown to be virus-peific (Toblv I). A 10 1 dilution of SV produced 200 p~f.u./ml,
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Fig. 2. Detection of L-derived RNAs during acute and persistent LCMV infection. Total intracellular
RNAs extracted from uninfected GH3 cells (lane I), persistently infected GH3 cells (lane 2) and two
independent acute infections of BHK cells (lanes 3 and 4) were hybridized with (a) S segment (NP
region) and (b) L segment nick-translated probes. The filter was first hybridized with the S segment
probe, completely stripped, and then rehybridized with the L segment probe. The S segment and NP
mRNAs are indicated in (a) and the L segment RNA in (b). Faint low M, bands detected with the L
probe may represent breakdown products and/or demonstrate low-level cross-hybridization to the
genomic S RNA segment. The appearance of one band (X) may also be due to a high concentration of
28S ribosomal RNA that produces a local distortion in the gel.

Table 1. Detection of LCMV interfering activity

SV stock (p.f.u./ml)
Dilution 10-5 10-6 10-' Treatment

IA

200 20 0 None
50 ND* ND Heatt
0 0 0 Heatt and neutralizationt
0 0 0 Heatt and concentrated virions§

125 ND ND Neutralized, concentrated virionsli

ND, Not deltrmined.
t Virus incubated for 30 min at 37 °C as a control for treatments below.

Guinea-pig anti-LCMV, 1:100 dilution.
§ Concentrated virion preparation from persistently infected GH3-21 cells, 1:2 dilution.
I Concentrated virion preparation, 1':2 dilution, neutralized with anti-LCMV, I: 100 dilution, for 30 min at

37 °C before being added to the Vero cells with the SV stock (which was not heated).
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Fig. 3- Hybridization anoIysin Of GH3 cell subgenornic RNAs. Individual strips of nitrocellulose
containing RNA from either acutely infected BHK cells or persistently infected 0H3 cells were
hybridized with radiolabelled single-stranded RNA probes frorn the 5' OP region (fit 2300 to 3400) and
the NP coding rý.gion (NPI, nil 1200 to 1600; NP2. nt 35 to 450). (a) A diagrammatic representation of
the location of tbese probes within the S seginent and (b) the hybridization patterns witti pruibes
detecting genornic sense sequerces. Lane I.- RNA from acutely infected BHK cells, lanes 2 9o 4. RNA
from persisteiitly infected (JH3 cells. The probes used for hybridization were: lanes I and 2, GP; Ilane 3.
NPI. lane 4, NP2. The OP rnRNA, genomic S segrntnt and four novel subgenomic RNAs, designated
RNAs I to 4, are indicated. The N P rnRNA was not detected by any of these single-tranded probes.

whereas inclusion of either antis~.rum to LCMV or the preparation of GH3 particles (1 :2
dilution) completely prevented the formation of virus plaques. Pretreatment of the particle
preparation with anti-LCMV antibody eliminated most or all of the interfering activity
(Table :).

Evidence for sidbgenomic viral RNAs in persisiently minected cell lines exhibiting interference
Total intracellular RNA from persistently infected GH3-21 cells (this study) and long term

persistently infected BHK and L cells (cells kindiy provided by Ray Welsh, University of
Miassachusetts Medical School. Worcester, Mass , U.S.A.) were analysed by hybridization with
virus-specific single-stranded RNA probes. The persistently infected SHK and L cell line,:
(initiated with an uncloned LCMV Armstrong CAI 371 stock) liad previously been shown to
exhibit im'erference and decrease expression' of surface OP (R. 'A elth, personal communica-
tion). The L cells did not contain any sitbreaomic viral RNAs, except GF mRNA, but the BHK
cells exhibited four viral RN A rnokcules,. a GP mRNA, two non-identical but approximately S
segment size RNAs and a distinct subgenomir RNA of approximately 2300 nt (FiS. 5). The
persistently infected G143-21 cells showed weak, diffuse subgenomic RNA band% atithe time
samples were removed for biological assays (Fig. 4 ar'd Table 1) but these FNA species
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Fig. 4. Detection of interfering activity in supernatant medium collected from cultures of GH3-21 cells
persistently infected with LCMV. (a) Virus titration with the supernatant (0) and a 12-fold
concentrated supernatant (see Methods) of persistently infected GH3 cells (0) at various 10-fold
dilutions (unconcentrated GH3 cell supernatant dilutions 10-' to 10-'; GH3 concentrated cell
supernatant dilutions 1: 2, 1:20, 1:2000, 1:200000,1:2000000). Titres (p.f.u.) are the number of virus
plaques per well (six-well plates) per ml of stock. Titres of 1.8 x 105 p.f.u./ml for the GH3 SN and
4 x 10' p.f.u./ml for the GH3 conc. preparations were observed in this experiment. (b) Titration (p.f.u.)
of a stock of LCMV clone 53B (SV) alone (upper line) and after co-incubation with a 1: 2 dilution of the
GH3 conc. (SV + GH3 conc. 1:2; 0). A titre of 1.8 x 108 p.f.u./ml was measured for SV in this
experiment and there was no detectable p.f.u. for SV + GH3 conc. (c) Assays for interferon activity.
Titration (p.f.u.) of a VSV stock alone (0), VSV treated with 20 units of interferon gamma (0), VSV
treated with GH3 conc. (0) and a control without any added virus (0).

appeared to be more heterogeneous than in the analysis performed several months earlier
(compare Fig. 3 and 5).

DISCUSSION

We have demonstrated that a number of cell lines (GH3, RIN, B-I 13 and BHK) may exhibit
one or more novel subgenomic viral RNAs when persistently infected with LCMV, We did not
delect the elimination of either the genomic L or S RNA segments or viral mRNA species
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Fig. S. Analysis of intracellular viral RNAs from persistently infected cell lines that produce LCMV
interfering particles. Total intracellular RNA from acutely infected BHK (lane I), uninfected BHK
(lane 2) and persistently infected cells: BHK (lane 3), L (lane 4) and GH3-21 (lane 5, purified in April
1987 at the time of the biological interference assays) was analysed using a singlestranded RNA probe
to detect genomir. sense sequences from the GP coding region of the S segment. The genomic S segment
and OP mRNA ane indicated.

during the course of persistence, although the L segment does appear to be selectively under-
represented in comparisons of persistent and acute infections. The viral NP and GP mRNAs
were both readily detected during persistent infection of all cell lines we examined. In other
studies, where intracellular viral RNAs have been analysed during persistent arenavirus
infection, van acr Zeijst et al. (1983) purified viral nucleocapsids and found a number of viral
RNA species present that were different from those normally found in LCMV. None of these
RNAs could be translated in vitro. Dutko et al. (1976) were able to detect a 15S RNA, which is
approximately the size of the viral mRNAs, in Pichinde virions from acutely but not persistently
infected BHK cells but it is unclear what this 15S RNA represents. Immunofluorescence and
immunoblotting analyses of viral OP expression in persistently infected cells reveal different
levels of GP expression that are dependent on the particular cell line examined (S. J. Francis,
unpublished results). Our detection of UP mKNA both in vitro (this study) and tn vivo (Francis &
Southern, 1988) suggests that post-transcriptional regulation of GP must account for at least part
of the decreased expression of GP. This is consistent with the observation of Welsh &
Buchmeier (1979) that a large percentage of persistently infected cells contain cytoplasmic GP
but that surface accumulation of OP is decreased relative to acute infections.

The generat'on of new subgenomic viral RNAs appears to depend on both the particular cell
line and the viral stock used to initiate infection. Persistent infection of BHK cello initiated by
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cloned isolates of LCMV Armstrong CA1371 may or may not give rise to subgenomic RNAs
(Fig. 5). Differences in the virus stocks and/or the BHK cells may be responsible for this
variability. The use of the uncloned stock, LCMV Armstrong CAI 37 1, often appears to result in
the accumulation of subgenomic S segment RNAs. The RNAs which we studied were extracted
from cell lines that had been persistently infected for various but extensive times (> 1 year) prior
to analysis. Therefore we cannot comment on whether the initial pattern of subgenomic RNAs
found in any particular cell line was similar to that in other cell lines or was related to those, if
any were present, contained in the LCMV Armstrong CA1371 virion preparations. Since each
cell line appears to contain unique viral subgenomic RNAs there must have been either a
selection and/or evolution of the original RNA species of the LCMV Armstrong CA1371 stock.
Interestingly, not all persistent infections (i.e. in L cells) initiated with LCMV Armstrong
CA1371 contained subgenomic viral RNAs yet they still exhibited interfering activity. This
could be explained either by an inability of our routine analytical methods to detect subgenomic
RNAs of less than 400 to 500 bases or by the presence of viral segments with minor deletions or
sequence aberrations that were not large enough to produce a shift in size that was detectable by
denaturing agarose gel electrophoresis. Although most defective interfering RNAs described in
other viral systems (Barrett et al., 1984; Huang, 1973; Perrault, 1984; Rao & Huang, 1982;
Weiss et al., 1983) have contained readily detectable deletions, copy-backs, and/or
rearrangements, there may not be an absolute requirement for such major defects (for example
see Schubert et aL., 1984).

Our description of novel LCMV intracellular subgenomic RNAs during persistent infections
agrees with prior observations made with closely related arenaviruses. Dutko & Pfau (1978) and
Gimenez & Compans (1980) studying Pichinde and Tacaribe viruses, respectively, reported the
appearance of new RNAs in virions purified from persistently infected BHK cells. We have
been unable to detect any subgenomic viral RNAs in virions from persistently infected BHK
cells. A newly initiated persistent infection of BHK cells has not yet generated any novel
subgenomic RNAs. Virion particles are released by these cells (F. Fuller-Pace, unpublished
observations) but there is no detectable infectious virus, even when titrated out to a 10-9
dilution. We have found that the viral genomic S and L segments are present intracellularly and
in virions that are formed during the persistent infection of these BHK cells.

Persistent infection with arenaviruses appears to be a highly complex phenomenon and is
associated with different alterations in viral gene expression which depend on the cell type and
the virus stock used to establish persistence. Interfering viruses that arise during persistent
infections may or may not be correlated with intracellular subgenomic viral RNAs. The
significance of variation in the relative levels of the genomic L and S segments during acute and
persistent infection remains uncertain. At this time it is unclear whether the changes we have
described are causal or consequential to the state of LCMV persistence.
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We have analyzed the accumulation of viral genomic and messenger RNAs in tissue culture cells during the first 24
hr of acute infection with lymphocytic choriomeningitis virus (LCMV). This has allowed comparison of the relative
amounts of the genomic L and S RNAs (both genomic sense and genomic complementary sense) and of nucleoprotein
(NP) and glycoprotein precursor (GP-C) mRNAs. Using these techniques NP mRNA was detected simultaneously vith
genomic S RNA, but the amount of NP mRNA accumulating during this period of infection was higher than that of GP-C
mRNA. This is consistent with a model for ambisense RNA transcription and replication proposed by D. D. Auperin, V.
Romanowski, M. Galinski and D. H. L. Bishop (J. Virol. 52: 897-904, 1984). The accumulation of S RNA exceeded that of
L RNA and, for both L and S RNAs, the amount of genomic sense RNA was higher than that of genomic complementary
RNA. c ime Aceaderc Pr•m • m.

Lymphocytic choriomeningitis virus (LCMV) has also identified an intergenic region in the S RNA, be-
been studied extensively as a model system for virus- tween the open reading frames for GP-C and NP,
host interactions (1-4). Until recently, however, very which could form a hairpin structure. A stable hairpin
little was known about the molecular structure of the in this region of the genome could act as a transcrip-
viral genome (5-8) and information is only now emerg- tion terminatcr for the GP-C and NP mRNAs and may
ing on potential regulatory mechanisms that may influ- also be involved in the regulation of replication.
ence viral gene expression. The LCMV genome con- Auperin et al. (12) have proposed a hypothetical
sists of two segments of single-stranded RNA: a large model for the regulation of S transcription and replica-
segment, designated L, 8-9 kilobases (kb) in length tion in which NP mRNA could be synthesized directly
and a small segment, designated S, of approximately using the viral genome as template, while the synthe-
3.4 kb. The L segment encodes a high-molecular- sis of GP-C mRNA must await the formation of full-
weight protein (approximately 200,000) which is length genomic complementary RNA, to serve as a
thought to be part or all of the viral RNA-dependent template. Thus, the first event after viral infection
RNA polymerase (8, 9). The S segment encodes the would involve the synthesis of NP mRNA which may
three major structural proteins: the internal nucleopro- be concomitant with, or followed by, the production of
tein (NP; MW 63,000) which is associated with the full-length genomic complementary RNA(i.e., the repli-
genomic RNA, and the two glycoproteins GP-1 (MW cation intermediate). The genomic complementary
43,000) and GP-2 (MW 36.000) (10) which are derived RNA could then be used as a template for either tran-
from cleavage of a common precursor, GP-C (11). scription of GP-C mRNA or replication of full-length

Sequence analysis of c0NA clones (derived from the genomic sense RNA. Relatively little is known about
S segment of LCMV) has shown that the S segment is the expression and functions of the LCMV L segment.
ambisense (6, 7); i.e., the NP mRNA is complementary Sequencing and hybridization studies with cDNA
to the genomic RNA whereas the GF-C niRNA is in the clones derived from the L segment indicate that at

sense of the genome. Strand-specific RNA probes de- least the major part of this segment is of negative
rived from the S segment confirmed the ambisense polarity (8). However, the complete coding potential of
character of the S RNA and shoved 'he presence of the L segment is not yet known.
both genomic sense and genomic complementary We have followed the steady-state accumulation of
RNA species during infection, including subgenomic intracellular viral RNAs during the early stages of acute
RNAs corresponding to NP mRNA , id GP-C mRNA infection using the combined techniques of denaturing
(7). Such a coding strategy was first deszribed for Pi- agarose gel electrophoresis (13), RNA transfer to ni-
chiride, a related arenavirus, by Auperin et el. (12), who trocellulose filters (14). and hybridization with viral-

specific probes. The experimental results have pre-
STo whom requests for reprints should be addressed dominantly been derived by sequential hybridization
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reactions with individual nitrocellulose filters in order to
eliminate variability between samples or gels. The hy- ) ~ -h

bridization probes were prepared from viral-specific
cDNA clones (7) either by nick-translation (both DNASRN 9 SMAstrands labeled equally (15)) or by in vitro synthesis of -0W0 W .~Si

a single strand of labeled RNA (16) (see Fig. 1). These
strand-specific RNA probes were necessary to distin- mm 00MNPM
guish between full-length genomic sense and geno- P~ .MM
mic complementary sense L and S RNAs (see below).

Monolayers of BHK 21 cells (75% confluency) were
infected with LCMV (Armstrong strain CAl 371) at aS
multiplicity of infection (m.o.i.) of 5 and grown in Dul- L" T I
becco's modified Eagle's medium supplemented with 'i a a

5% fetal calf serum. Total-cell RNA was extracted from
individual T175 flasks at different times postinfection
by guanidine thiocyanate and purified by pelleting - S RNA -~ S RNA
through cesium chloride (17). Samples o1 RNA were
analyzed by electrophoresis in denaturing agarose
gels and then transferred to nitrocellulose filters. Hy- hiA N IRP4A

bridization with a nick-translated probe (NP:A, Fig. Ia)
demonstrated that the infecting viral RNA was evident
at 0 hr postinfection, but was no longer detectable at 3
hr postinfection. possibly due to degradation (Fig. 2a). 0 II W Cn Ai T
The NP mRNA and genomic size S RNAs appeared to LN
accumulate at approximately the same time (i.e., 6- = LN N6L RNA

hr) after infection. The filter was subsequently hybrid- -

ized wi'h strand-specific RNP probes (NP:A1 and
NP:A4;, Figs. la, 2c, and 2d) io monitor the appear-
ance of the genomic complementary NP mRNA and to
distinguish betwe,!n the accumulation of full-length
genomic sense and genomic complementary sense S 9

F:G. 2. Hybridization of total-cell RNAS with probes from the LCMVI
genome. (a) NP.A nick-translated S cDNA probe. (b) GP;A nick-
translated S cONA probe. (c) NP:Ai sirand-specific probe to detect
genomic sense S RNA. The genomic complementary sense NP

a) S RNA 3- 1- mRNA does not hybridize with this prob~e. (dl NP:A4 strand-specific
6. WA probe to detect genornic compiementary S RNA, inciuding the NP

SP C AUmRNA (e) L39 rick-translatedl L cONA probe. (f) 651L122 strand-
ýWA WAspecific probe to detect genomic sense L RNA. (g) 64-L 122 strand-

specific probe to detect genomnic compiementary L RNA. UN--un.
I- WAI infected cell RNA; S RNA-genomic S RNA;' L RNA-genomic L

-4W URNA; NP mRNA-nucieoiprotein messenger RNA; GP mRNA-giy-
coprotein messenger RNA. Times shown (0-24) are hours postin-
fection. Films were exposed for 24 hr at -700. The unidentified faini,

bI I. RA r'. low-moiecuiar-weight bands seen at iater times postinfection may
in represent breakdown products of virai genomic RNAs; their deriva-

1122 lion is currentiy under investigavon.

stun RNAs. The NP:Ai probe hybridized with genomic
Fic. 1. Regions of LCMV S and L segments cnvvered by nick- sense RNA Strid therefore detec~ed the infecting virus

translated cDNA and strand-specific probes. (a) S segment nick. RNA (time 0 hr) and the appearance of genomic sense
transiated cDNA probes-NP.A; GP.A. Strand-specific RNA probes RNA. The NP mRNA. which is complementary to the
-NP:AI (detects genomic sense RNA), NP.A4 (dealects genormic gnm seFg-1addnthbiiet hspoe
complementary RNA). (b) L segment. nick-translated cDNA probenoT e (seroe Fis 1n a)e did s nofthybiie teomtic p Robe
-0122,019. Strand-specific RNA probAs-65.L1Z (ldeiectsgeuio- h P rb si h sneo h eoi N
mic sena& RNA). 64-0122 (d~tects genomic complementary RNA.A and therufore in',cated the accumulation of genomic
Arrovve indicate 5' to 3 direciton for RNA pfobeti complernentc-y S RNA and ths NP mRNA. The hybrid-
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ization patterns obtained with these probes (Figs. 2c viral intracellular RNAs in vivo as a second approach to
and 2d) showed that the accumulation of genomic determine the ratio of genomic L:S RNA sequences
sense S RNA exceeded that of genomic complemen- during acute infection. Monolayers of BHK 21 cells
tary S RNA. (The two RNA probes were made in the (75% confluency in T175 flasks) were infected with
same way using equal amounts of template DNA; LCMV at a m.o.i. of 5 and allowed to grow for 12 hr at
equal counts per minute (cpm) were used for each 37". Newly synthesized viral RNAs were then labeled
hybridization and films were exposed for equivalent with 32p inorganic phosphate (1 mCi/flask) for 4 hr in
times.) The nitrocellulose filter was then hybridized the presence of 5 pg ml1- actinomycin D to block host
with GP:A, a nick-translated cDNA probe derived from cell transcription. Cytosol extracts from such labeled
the glycoprotein coding region of the S segment (see cells were centrifuged on discontinuous (2.5, 2.0, 1.0,
Fig. 1). As is seen from Figs. 2a and 2b, although low 0.5 M) sucrose gradients (18) and two peaks of radio-
levels of the GP-C mRNA were detected at approxi- activity were obtained. RNAs were recovered from the
mately the same time as the NP mRNA and genomic S peak fractions by phenol extraction and ethanol pre-
RNAs, the levels detected for the first 24 hr postinfec- cipitation and 25-Ag samples were separated by agar-
tion were significantly lower than those for NP mRNA. ose gel electrophoresis under denaturing conditions
Densitometric analysis of the autoradiographs shown (13). As shown in Fig. 3, peak 1 (0.5 M1 .0 M interface)
in Fig. 2 indicates that the ratios of NP mRNA and GP contained viral ribonucleoprotein complexes (RNP)
mRNA to genomic S RNA remained approximately formed almost exclusively with genornic sized S RNA
constant over this time course of infection. This sug- whereas peak 2 (2.0 M12.5 M interface) contained viral
gests that, although there is apparently a five-fold ex- RNP complexes with both L and S genomic RNAs and
cess of NP mRNA over GP mRNA. the mRNAs initially cellular polysomes including polysome-bound viral NP
accumulate at similar rates. and GP-C mRNAs. Based on uniform incorporation of

There have been several independent indications label into L and S RNA species, the peak 2 fraction
that the LCMV genomic L and S RNA segments are appeared to contain less L RNA than S RNA and this
not present in equimolar amounts (reviewed in (1)). observation, together with the detection of an S-RNP
Therefore, we have used these total-cell RNA prepara- apparently lacking any L RNA component, confirmed
tions to monitor expression of the viral L RNA segment
and the relative accumulation of L- and S-derived RNA
sequences. In order to achieve internal consistency,
the nitrocellulose filter used in the S RNA analysis was U Z 2 Q
hybridized with L39, a nick-translated cDNA probe de- Z =-
rived from the L segment 'Figs. 1 b, 2e). Comparison 'im L LRNA

with the hybridization pattern seen for S RNA (see Fig. 23

2) showed that newly synthesized genomic size L RNA 3 S RNA

was first detected at approximately the same time as
genomic S RNA although the amount of L RNA, partic- s

ularly at the earlier times, was lower. There was signifi-
cant accumulation of L RNA 12- 1 5 hr postinfection,
as compared with 9-12 hr for S RNA. The relative
amounts of genomic sense and genomic complemen-
tary L RNA were estimated from further Northern blot-
ting experiments using L-derived strand-specific RNA FiG. 3. in vvo labehng of LCMV RNAs. RNAs were extrscted from
probes-64-L122 (to detect genomic complementary intracellular RNP complexes and separated by denaturing agarose

sense RNAs) and 65-L022 (to detect genomic sense gel electrophoresis Marker. Total infected cell RNA extracted with
RNAs) (8) (see Figs. lb, 2f, and 2g). As in the case of guanicldne thiocyanate. These cells were labeled with 32p in the

the S RNA hybridizations, the amount of genomic absence of actinomycin D to give 28 and 18 S rbosomal RNAs as

sense L RNA accumulating over the first 24 hr of acute m LCMV-1 and LCMV-2- Fractions from the 0.5 M/1.0 M and
2.0 M/2.5 M sucrose gradient interfaces, respectively, from LCMV-

infection was considerably higher than that of genomic infected cells. UN- 1 end UN-2 Fractions from the 0 5 M11 0 M end

complementary L RNA (see Fig. 2). (The probes were 2o0 M/2 5 M interfaces, respectively, from uninlected cells. The

again made using equal amounts of DNA and equal positions of the 28 and 18 S nbosomal RNAs in the marker lanes are

cpm were used for hybridization.) Therefore the repli- indicated, as are the genomic L and S viral RNAs which ilhgn with

cation of the LCMV L segment appears to follow the bagi in ihe LCM'i-i one, in mis sample the Nv and uP rnNAS are
visible just below the position of 18 S RNA in the marker. This figure

same pattern as that of the S segment, is an aul0radiogreph of a dried gel and was obtained from a 24-hr
We have also used a method for pulse labeling of film exposure at -70".
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We have developed an in vitro assa. for the I.vmphoc.lic choriomeningitis virus iLCNI\' RNA-dependent
RNA pol.merase with ribonucleoprotein complexes extracted from act:el. infected tissue culture cells. The
RNA products s.nthesized in vitro corresponded in size to the full-length genomic L and S RNAs and
subgenomic NP and GP mRNAs normall. produced in vivo during acute LCMV infection. In a temporal
analysis spanning the first 72 h of acute infection, the in vitro pol~merase actiiil% of ribonucleoprotein
complexes was maximal at 16 h and declined significantl. at later times. In contrast, the intracellular levels of
the viral L protein (the putative polymerase protein) appeared to be maximal at 48 to 72 h postinfection. Our
results suggest that the accumulation of L protein correlates with reduced viral replication and transcription
at later times in acute infection and ma. be iniolved in the transition from acute to persistent LCMV infection.

Lymphocytic choriomeningitis virus (LCMV). the proto- may be associated with replication of the variant viruses in
type arenavirus. has been studied extensively as a model lymphoid cells t(. 25).
system, for virus-host interactions (8. 9. 18). Recent interest To date. characterization of the RNA-dependent RNA
in the molecular details of infection by LCMV and the other polymerase of LCMV and other arenaviruses has been
arenairuses has prompted studies on the structure and confined to virion-associated enzymes. Leung el al. (191.
organization of the viral genome and on regulator% mecha- using purified Pichinde virions. described an in vitro poly-
nisms that influence viral gene expression 130-32. 34). The merase activity that synthesized a heterogeneous population
LCMV genome consists of two single-stranded RNA seg- of RNAs complementary to virion RNA. With Tacaribe
ments, designated L and S. with approximate lengths of 7.2 virus. Boersma and Compans (3) coupled a viral in vitro
and 3.4 kilobases. respectively (26. 36). The S RNA segment transcription reaction with a rabbit reticulocyte lysate trans-
has an ambisense coding. arrangement (3) that directs syn- lation system to demonstrate the synthesis of virus-specific
thesis of the three major structural proteins: an internal polypeptides. For LCMV. Bruns et al. (4) have reported an
nucleoprotein (NP; molecular weight 63.000) that is associ- RNA polymerase activity that is associated with nucleocap-
ated with the genomic RNA. and two surface glycoproteins. sids derived from purified virions. In the present study. we
GP-I (molecular weight 43.000) and GP-2 (molecular weight have begun to examine the properties of the LCMV RNA-
36.000) (5). that are derived by posttranslational cleavage of dependent RNA polymerase and have developed an in vitro
a precursor polypeptide. GP-C (6). The L RNA segment assay for polymerase activity that uses extracts from acutely
encodes a high-molecular-weight protein (molecular weight infected cells. Using this system. we have demonstrated
ca. 200.000). thought to be part or all of the viral RNA- synthesis in vitro of full-length genomic L and S RNAs and
dependent RNA polymerase (14. 32). and the possible pres- subgenomic NP and GP mRNAs and have monitored appar-
ence of a second. L-encoded protein is currently under ent changes in the polymerase activity during the course of
investigation tM. Salvato. personal communication). an acute LCMV infection. In previous studies, we have

Genetic mapping studies have clearly implicated the viral analyzed the steady-stale levels of intracellular viral RNA
L RNA segment in lethal LCMV infection of adult guinea species that accumulate over the time course of acute
pigs (29) and in the altered biological properties of variant infection (13. 341 and can now make comparisons between
viruses recovered from the spleens of persistently infected these intracellular species and the in vitro reaction products
mice (1). In the guinea pig infection, it is not clear whether an synthesized from cell extracts harvested at various times
L-encoded protein is directly pathogenic or whether the postinfection. Our eventual goal is to determine whether
LCMV (WE strain) polymerase supports more rapid initial changes in polymerase activity are involved in the regulation
virus replication to precipitate a lethal infection via uniden- of viral replication and transcription during various stages of
tified secondary mechanisms. Similarly, precise molecular infection,
explanations are not currently available for altered immune
responses in mice infected with the spleen-variant viruses.
but the altered phenotype maps to the L RNA segment and MATERIALS AND METHODS

Cells and virus. BHK-21 cells were grown in Falcon T175
flasks in Dulbecco-Vogt modified Eagle medium supple-

"Corresponding author. mented with 5% fetal calf serum. The 50% confluent mono-
Publication No, 5492-1MM rrom the Department of Immunol- layers were infected with LCMV (Armstrong strain CA-

ogy, Scripps Clinic and Research Foundation, La Jolla. CA 92037. 1371) at a multiplicity of infection of 5, and extracts were
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- prepared for Western blotting (immunoblottingo and poly- restriction enzymes to give discrete LCMV-derived DNA

'erase assays at various times after infection, fragments and transferred to nitrocellulose (33). cDNAs

Preparation or cell extracts. Extracts enriched for ribonu- derived from 28S rRNA wkere used as controls. After being

cleoprotein (RNP) complexes were prepared as described by baked at 80CC under vacuum, the filters were hybridized with

t] Hill and Summers (16). Monolavers tin T175 flasks) were the polymerase reaction products as described below.

"washed with phosphate-buffered saline, scraped off into Alkaline hydrolysis. Partial hydrolysis of RNAs in the

phosphate-buffered saline, and collected by centrifugation at polymerase reaction mixes was achieved by incubation for I

1.000 x ,w for 5 min. The cell pellet was suspended in lysi% h at 40'C in 50 mM NaCO. followed b, neutralization with

buffer (10 mM KCI. 1.5 mM magnesium acetate. 20 mM 150 mM sodium acetate IpH 51. This procedure gave RNA

HEPES N,-2-hydroxyehy-piperazine-X'-2-ethane-ulfonic fragments ranging in size from 100 to 300 nucleotides.

acid. pH 7.4]. 0.5 mM dithiothreitol) H1 ml per T175 flaski. S.inthesis of hybridization probes. For hybridization with

allowed to swell for 5 min on ice. and then disrupted with 30 LCMV-derived probes. restriction fragments from the

strokes of a Wheaton B Dounce homogenizer. Nuclei. cell LCMV L and S segment cDNAs were purified from prepar-

membranes. and other cell debris %ere removed by centrif- ative agarose gels (37) and then labeled in vitro with Klenow

ugation at 10.000 x g for 20 min at 4C". NaCl and Triton DNA polymerase I in a modified version of the original nick

X-100 were added to 0.5 M and 11,. respectivel%. and RNP translation reaction (281.
complexes were pelleted b. centrifugation through 2.5 ml of Hybridization. For hybridization with cDNA probes. the
50rr glycerol. in the above lysis buffer, for 2.5 h at 45.000 filters were prehybridized at 37:C for 3 h in 50ý7 deionized

rpm in a Beckman SW50.1 rotor. at 4-C. The pellet was formamide-Sx SSC-2.5, Denhardt solution (Ix Denhardt

suspended in cold 2x reaction buffer (200 mM KCI. 100 mM solution is 0.02ý7 bovine serum albumin. 0.021- Ficoll. and

Tris hydrochloride [pH 7.5]. 10 mM magnesium acetate. 4 0.027 poly-,inylpyrrolidone) with 100 p-g of denatured son-
mM dithiothreitoll (50 (.1 for each T175 flask) and used in icated salmon sperm carrer DNA per ml: for hybridization
pol,.merase assays immediately. with pol. merase assay reaction products. the filters %ere

Western blotting. Proteins in the cell extracts were ,epa- preh),bridized for 3 h at 55CC in 50r formamide-4 x SSC-2 x

rated by electrophoresis in 7r polyacrylamide-sodium do- Denhardt solution. with 100 g.g of denatured salmon sperm

decyl sulfate (SDS) gels 117) and transferred electrophoreti- DNA per ml and 100 i±g of yeast tRNA per ml as carriers. In
cally to nitrocellulose filters (0.2 g.m pore size) overnight at each case. hybridization was carried out for 20 to 24 h under
250 mA. with a recirculation cooling system. The filters were the conditions used for prehybridization. Filters were
incubated with antipeptide antibodies directed against re- washed twice in 2x SSC-0.17 SDS at 37 0C. then at 60CC in
gions of NP and L (kindly provided by M. 1. Buchmeier). the same solution. and finally at 60°C in 0.1x SSC-0.1%
Bound immunoglobulin was detected with 'l2-labeled SDS-O.1• Tween-20. All washes were for 30 min. Autora-
Staphvlococcus aureus protein A as described previously diography was carried out at -70'C with Kodak XAR-5 film
1321. and Du Pont Cronex Lightning Fast intensifying screens.

Assays for RNA polymerase activity. Unless specified oth- Before subsequent hybridizations. probes were stripped
erwise. assays were carried out for I h at 30'C in 100-g1 from filters by washing in 0.1x SSC-0.1t SDS-0.1%
,volumes containing 50 A1 (200 .g of protein) of cell extract in Teen-20 for 2 h at 85'C. Filters were then preh.•bridized as
2x reaction buffer. 1 mM each unlabeled ATP. CTP. and before.
UTP. 10 p.M unlabeled GTP. and 50 giCi of [a-':PIGTP (Du
Pont NEN Products: 600 Ci/mmol). Where necessary, mul- RESULTS
tiple 100-±I reaction mixes were used. These gave higher
incorporation than reactions performed in larger volumes. Detection of viral proteins in intracellular RNP complexes.
Reactions were stopped by the addition of unlabeled GTP Intracellular RNP complexes were prepared from cultures of
and EDTA (final concentrations. I and 10 mM. respec- acutely infected BHK cells isee Materials and Methodsl at
tively). followed by the addition of 100 9.1 of 10 mM Tris various times postinfection. Viral proteins were detected by
hydrochloride (pH 8.01-I mM EDTA-100 mM NaCI--0.19 Western blotting with antipeptide antibodies specific for NP.
SDS. Unincorporated nucleotides were removed with a GP-2. or L (the putative polymerase) protein (7. 32). The
Sephadex G-50 spin column (20). and after phenol extrac- amounts of both NP and L protein increased for 24 to 72 h
tion. RNAs in the reaction mixture were precipitated in (Fig. 1). whereas GP-2 could not be detected within the
ethanol and suspended in sterile distilled water for subse- intracellular RNP complexes (data not shown). Analysis of
quent analysis. different cellular fractions by this Western blotting approach

RNA gel electrophoresis and Northern blots. RNAs in the showed that L protein was only detectable in the RNP
polymerase reaction mixes were denatured with glyoxal and fraction (data not shown). Based on these results. cell
separated by agarose gel electrophoresis in 10 mM NaPO,. extracts enriched for viral RNP complexes were initially
pH 6.5 (21). Unless specified otherwise, the gels were dried prepared at 72 h postinfection in order to ensure a high
onto DES1 paper at 80'C under vacuum and exposed for concentration of L protein for the in vitro polymerase
autoradiography with Kodak XRP-1 film. In some cases, reactions.
after electrophoresis. the RNAs were transferred to nitro- Synthesis of virus-specific RNAs in vitro. Concentrated
cellulose filters by capillary diffusion of 20 x SSC buffer ( x preparations of intracellular RNP complexes extracted from
SSC is 0.15 MN NaCI plus 0.015 M sodium citrate) at room acutely infected BHK cells 72 h postinfection and parallel
temperature (35) and baked for 2 h at 80'C under vacuum, cultures of mock-infected BHK cells were suspended in
After autoradiography. the '2P was allowed to decay, and reaction buffer (see Materials and Methods) and incubated in
the filters were then hybridized with LCMV probes to the presence of [a- 32P]GTP at 30'C. We observed a linear,
confirm the specificity of the labeled polymerase reaction time-dependent increase in the incorporation of radioactivity
products. into trichloroacetic acid (TCA)-precipitable counts in a 1-h

Southern blots. Plasmids containing cDNA fragments from incubation but could find no reproducible difference between
LCMV L and S segments were digested with appropriate the infected and uninfected RNP preparations in this system.
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FIG 2. H.bridttztion reaction, Aith 
1-P.labeled RNA,, s,-n

sued in %mro Plismid DNA., %ere digested . th retrictior,
L ONP i. me- io relea,,e difletent c[)N\ tuarcet sequence, derised fron-

agenoma,. S or L RNA, or hot 218S RNA. The DNA tfragment, v

FIG. 1. Western blot shossing accumulation of viral L protein separated b% agaroe gel electrophoresis. tranferred to nitrocL
and nucleoprotein tNP) in RNP comples estracted from cell% at lose filters, and hsbridized Aith the folloming probes: tal
\ariou, time-, pos•tinfection fp.i.). In each cae. 25 !i. of protein %sas RNA., sntheszed vAoth an e\tract from uninfected cells: (hi
loaded on an SDS-polIacrylamide gel and separated h.i electropho- labeled RNAs ,,nthesized %kith an emtract from infected cells: ,.
resis. Viral proteins %sere detected b. using monospecific rabbit in panel b. but the labeled RNAs ssere partiall. h.drolyzed
anti-L (oLt or anti-NP iaNP) antipeptide antibodies. follosed b% treatment %kith alkali before the hsbridizauion reaction vas inittia
treatment %,th -'2l.labeled S. aurc,. protein A. Relative e\pos.ures Target cDNA sequence, are identified as follovws. S-NP. cD
of autoradiographs: L. 72 h: NP. 3 h. from bases 166.5 to 3342 in LCMV S sequence (311. This gives

fragments. 1.(W3 and 634 base pairs, on digestion Aith P.il. S-t
cDNA from bases 11 to 435 in LCMV S sequence t31). L. L

Furthermore. extraction of nucleic acid from the reaction cDNA clone from LCMV L segment 032t: bases 51 to 1208
mixtures prior to TCA precipitation and several variations in sequence (M. Salvato. E. Shimomaye and M. B. A. Oldst,

i fort precipitatt ssubmitted for publicationi. This gives ito fragment,, of 426 and
the conditions for the actual TCA preciptation still did not base pairs on digestion with Pt. 28S. cDNAs from mouse
provide any numerical discrimination between the infected rRNA as non-LCMV-specific control. First 28S lane. bases 385
and uninfected reactions (data not showni. 414': second 28S lane. base-, 1499 to 1917 iP. 1. Southern. unr

As an alternative approach to demonstrate %irus-specific lished observations).
RNA synthesis. we used the in vitro reaction products as
h% bridization probes against target cDNAs deri\ ed from the
viral genome or. as a control. cDNAs from host 28S rRNA viral nor 28S rRNAs were labeled if o-Q-P]GTP was usec
sequences. With the extract harvested from infected cells 72 the absence of any other ribonucleotides (data not show%
h postinfection. therc was strong hybridization to viral target Temporal analysis of polymerase activitl during LC'
sequences from the genomic S RNA segment (NP and GP infection. The L protein was not detected in infected
coding regions) and a low level of hybridization to an extracts at 24 h after infection but had accumulated sigr
L-derived target sequence. but no hybridization to the 28S cantly by 48 to 72 h postinfection (Fig. 1). In contrast.
rRNA target sequences (Fig. 2b). None of the target se- accumulation of LCMV mRNAs in vivo and the releasa.
quences was detected when the reaction products from the infectious virions were maximal at 16 to 24 h postinfec:
uninfecied cell extract were used as hybridization probes under our standard conditions for virus infection (mr
(Fig. 2al. As an additional control. similar hybridization plicity of infection of 5) (8: our unpublished observatior
reactions were repeated, and identical results were obtained This suggested that there may be a disparit., between
with probes that had been partiall. hydrolyzed by treatment levels of L protein and the intracellular activity of the s
with alkali. This control was included because in preliminary polymerase. Therefore, in vitro reactions were perforr
experiments with the cell extracts and Ia-"PjUTP. we found with infected-cell extracts harvested at 24, 48. and 7:
that preexisting rRNAs in the reaction could become labeled postinfection. and the reaction products were analyzed
at the 3' terminus (data not shown). Cellular polyIU) polym- denaturing agarose gel electrophoresis (Fig. 3). Separatior
erases are known (19). but there are no reports of endoge- the in vitro reaction products by gel electrophoresis p
nous cellular poly(G) polymerase activity: thus. we chose vided an immediate method for monitoring polymerase
labeled GTP to follow the reaction. Nevertheless. for the tivity. Although the hybridization method had the advant
results from the hybridization assays to be valid, it was of sho'.'ing virus-specific RNA synthesis, the electrophc,
critical to distinguish between terminal labeling of preexist- sis approach was considerably less cumbersome and alloss
ing full-length viral RNAs and de novo synthesis of RNAs in direct analysis of the reaction products.
vitro. if the full-length RNAs present in. the enriched RNP Individual in vitro reactions were performed immediai
preparations were being end-labeled in the in vitro reactions. after extraction and concentration of the RNP complex
alkaline hydrolysis of the probe would only allow hybridiza- and then the labeled RNA products were recovered
tion with cDNA targets corresponding to the 3' ends of the stored for gel ana!ysis. These results indicated that ir.fect
RNAs. In these experiments, the cDNAs were derived from cell extracts. harvested at 24 h postinfection, were capa
internal regions of the viral genomic or rRNAs, and the of synthesizing both genome-sized RNA and subgenot
observed hybridization after alkaline hydrolysis was there- mRNAs in vitro and that, at later times, the polymer,
fore consistent with de novo synthesis of uniformly labeled activity was markedly diminished. The labeled RNAs s
RNAs. in addition, we subsequently observed that neither thesized in vitro corresponded to the genomic and mR'
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FIG. 5. Relative le,.el, of incorporation of I 'PIGMP into indi-
vidual ,iral RNA ,pccie,. Reactions were performed in vitro ith
esiracts harvested at .arious time, during the first 72 h of acute

-X LCM\ infection Incorporation of radioactivit\ is e\pressed as
count, per minute in eaich RNA species and wivs obtained bh direct

, . scunning of dried ,Laroe gel, \kith an AMBIS 0 s,,.,nner. Scanning
s...?• ,•. v.as cairried out o\, ernicht, and i he counts obtained %& ere indi\, idualk.

corrected for background within each lane of the gel. The standard
deviation a' calculated b\ the scanner was I to 317t As'erage counts

FIG. 3. Autoradiograph of a denaturing agaroe gel ,howint the from to or three assa•s (three 100-i~l reaction mixes in each case)
-Plaheled RNA product, hat were synthesized in vitro with are represcrnted for each time point. L. genomic L RNA: S. genomic

emtracts harvested at various times postinfection (p.it. The total S RNA. NP. nucleoproiein mRNA: GP. glvcoprolein mRNA.
products from three 100.-.l pol merase reaction mixes \kere loaded
on the gel for each time point. RNAs corresponding to LCMV
RNA' are indicated. L. genomic L RNA. S. genomic S RNA: NP.
nucleoprolein mRNA: GP. gl.coprotein mRNA. X. novel subge.
nomic RNA. at 16 h postinfection (Fig. 4). The unidentified RNA. X. was

also most highl. labeled in the 16-h sample. None of the
labeled RNAs synthesized in vitro, including X. was pro-

species normally produced during an acute infection of duced in reactions with RNP complexes from uninfected
tissue culture cells (see below and Fig. 61. There was one cells.
novel product formed during the in vitro reaction (Fig. 3. In a subsequent experiment, the polymerase activity over
band marked Xl that maý represent a premature termination the first 72 h after infection was monitored to compare the
product. The derivation of this discrete RNA species synthesis of the individual viral RNAs. RNA products from
(length. approximately 300 to 500 bases) is currently under reactions carried out at various times postinfection were
investigation, separated by gel electrophoresis. and the incorporation of

Determination of optimal time for extraction of RNP from Io-1-'P]GMP into the individual RNAs was quantitated di-
infected cells. The relatively high polymerase activity oh- rectlý b\ scanning the dried agarose gels with an AMBIS P
served at 24 h after infection prompted us to study changes scanner (Fig. 5). The patterns of synthesis of L and S
in the in vitro activity of infected cell extracts at earlier times genomic RNA \here parallel over the 72-h period of infec-
following LCMV infection. The accumulation of reaction tion. although L RNA was synthesized in three- to fivefold-
products was clearly maximal in the RNP fraction extracted lower amounts. Likewise. NP and GP mRNAs were synthe-

sized in parallel throughout this time course and at each time
point were found in approximately equal amounts. The
synthesis of both genome-sized RNAs (L and S) and subge-

.s I? 16 20 24 i D.'. •nomic mRNAs (NP and GP mRNAs) increased coordinately
and peaked at 16 h postinfection. From 16 to 20 h postinfec-

1', tlion. both decreased sharply in parallel. After 20 h. the
-t decrease was considerably more gradual but the synthesis of

genome-sized RNAs declined more rapidly: this is particu-
-s larly evident in Fig. 3.

Comparison between viral RNAs s~nthesized in vitro and
4 N5 viral RNAs synthesized in vivo during acute infection of BHK

,m-GP cells. The labeled RNAs from in vitro reactions, performed
with either infected or uninfected extracts. were separated
b~y denaturing agarose gel electrophoresis and transferred to

' X a nitrocellulose membrane. A sample of RNA, extracted
from the intracellular RNP fraction prior to initiating the in
vitro reactions, was denatured, clectrophoresed, and trans-
fcrred to the same nitrocellulose membrane, Direct autora-

FIG. 4. Auloradiogrh odiography of the filter indicated that gcnome-sized I. and S
FIG 4.Ailoradagraph of a denaturing agarose get showing the

"`P-labeled RNA products that were synthesi/ed in vitro with RNAs, subgcnomic NP and GP mRNAs, and the novel
extr;acls harvested between 8 and 24 h poslinfection (p.i.l. Products subgcnomic RNA (X) were all synthesized in vitro (Fig. 6a),
frem three IOM.gl polymerae reaction mixes were loaded on the gel After the 12P was allowed to decay (approximately 2
for each time point. RNAs corresponding to ICMV RNAs nre months), the filler was hybridized sequentially with nick-
indicated See Fig. 3 legend for dclails, trtnslated probes specific to the GP and NP coding regions
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FIG. 6. Compairison hetv~ecn viral RNA% ssnthesized in vitro and viral RN* As that accumulate %%ithin acutely infected tissue culture ct
tai 'P-lubeltd RNA products from in vitro LCI\ polymerase reactions carried out %kith RNP complexes harvested 16 h after infection
RNA specie% uere separated by elect rophore %is in a denaturing: agarose,gel and then transferred ito a nitrocellulose filter for autoradiograr
After the '2P %%as allowked to deca\. the nitrocellulose filter %a,, h~bridized sequentiall\ %ith LCMV-specific cDNA probes. il'i NP p;
derived from the Y end of the S se .gment: bases 2299 to 314-2 in S RNA sequence 031 . This detects genomic S RNA and NP mRNA. ic,
probe derived from the 5' end of the S segment. hases. 11 to 435 in S RNA sequence Mi1. This detects genomic S RNA and GP mRNA.
low level of hybridization to GP mRNA reflect% the lou amnotit of this RNA present in infected cell-, at this time post infection (131. 1
probe derived from the L segment: L122 cDNA clone 021. bases 511 to 1208 in L RNA sequence (Salvato et al.. submitted]. This del
genomic L RNA. This autoradiograph ssas exposed for 72 h, compared %kith 24 h for the NP and GP probesi. UN. Extract from uninfe
cells. INF. extract from infected cells, RNP R\As. infecied-cell extract prior to pol~merase reaction. Arross. Gel origin.

of the S RNA segment 'arnd an L probe I Fig. 6b. c. and d. of the polymerase reaction, and then essentiall, no fur
respectivelN . This analy sts clear]% demonstrated that the in incorporation of radioactivity occurred (Fig. 7). Therei
vitro reaction products were indistinguishable in size from to obtain some estimate of the specific activitý for
the intracellular viral RNAs that accumulate during acute polv.merase in cell extract. reactions were stopped afit.
LCMV infection. mtn-a time point w~ell within the linear portion of the g-

Time course of poly merase -dependent incorporation of label (Fig. 71. Under these assay conditions, the specific act
into RNA products. Reactions performed with cell extracts of the LCMV polymerase was calculated lb estimatinL
harvested at 16 h postinfection wkere allowed to proceed for total (':P]GMP incorporation into full-len'gth LCM\'
various lengths of time ranging from 0 to 4 h. In this nomic and mRN As. An average of 10 assays gave a spt
experiment. the synthesis of L and S genomic RNA and NP activit% of approximately 50Ofmol of nucleotide incorpo-
and GP mRNA products increased linearly for the first hour per mg of cell extract protein per h at 30*C.

Titration of protein concentration for the in vitro pol%
ase reaction. Reaction mixes with different amountsk

so~fected cell extract 10 to 240 f.±g of total protein). hars.est
h after infection, included a compensatoryl amount of

400 -fected-cell extract to bring the total protein concentrat
all the reaction mixes to 240 i~g. The constant pi

300- concentration was maintained in order to minimize pe
problems that could occur at tow protein concentratior.

200 to either dissociation of viral RNP complexes or los.
-0 L-Scellular cofactor. Analysis of the reaction products indi

0.NP .GP that the synthesis of both genome-sized RNAs and mný
100 increased linearly with increasing concentration of p-

from infected cells (Fig. 8). Moreover, addition of da
0 mycin and a-amanitin. which inhibit cellular RNA pa!

0 1 2 3 4 5 as'es. did not affect the synthesis of these RNAs (d;,
Reaclton time 1hrS.1 shown). This suggests that the observed polymerase a,

FIG. 7. Time course for incorporation of label into in vitro was due to a viral. not a cellular, polymerase.
reaction products. The incorporation of I"PIGMP into L and -S
genomic RNAs and NP and GP mRNAs was measured in in vitro DISCUSSION
reactions. The products from individual 100-~ILI reaction mixes were
separated by denaturing agarose gel elect rophoresis. and after The initial reports of viral polymerase activity assc
drying. the gel was scanned. For these comparisons, counts from L with arenaviruses had involved the use of purified vir,
RNA were considered to represent genomic L RNA synthesis.,To the source of viral polymerase and RNA templates (3.
date, we have been unable to identify a discrete L mRNA species. In contrast, we chose to use RNP complexes extracte
and if may be electrophoretically indistinguishable from genomic L actlineedelsfrwoesn: )thsu),fRNA. Therefore, some of Ihe counts in L RNA may be due to L aueyifce el o w esn:()tesuyo
mRNA rallher than genomic L RNA synthesis. However, as the polymerase activity in cellular extracts will facilitatc
overall incorporation of "1P into L RNA was relatively low, any comparisons of the polymerase activities in acute
incorporation resulting from L mRNA synthesis would not have persistently infected cells and may provide valuabht
affected the overall genomlc/mRNA synthesis ratio significantly. mation on the role or the viral polymerase in the me,
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550- at high concentrations of L protein. A similar observation
was made in VSV complementation experiments, where

400- replication of a temperature-sensitive L mutant virus could
be supported in host cells expressing los, levels of L protein

300 but replication of the mutant was inhibited in the presence of
high levels of L protein (21). Likewise. high levels of L

S200 protein also inhibited replication of wild-type VSV. The
reduced replication may be due to formation of aberrant

100 -- L-complexes involing other viral proteins that are required for
L;NNP-GP replication. It is not knoun which viral proteins play a direct

role in LCMV replication or transcription, but the higher

0 100 200 300 amount of L protein at later times in infection might affect

the association of L %kith the RNA-NP complex and there-
9 ,ntecs eiiracO • total erirad in 100 ul rean fore the replication and transcription efficienc>. This type of

FIG. 8. In vitro RNA s.nthesis as a function of the protein regulatory mechanism may reflect a common feature in the
concentration deried from infected-cell extract%. The total inior- control of negatise-strand and ambisense RNA virus p01o-

poration of I1'PJGMP into L and S genomic RNAs (see legend to merases.
Fig. 7) and NP and GP mRNAs was determined over a range of The in vitro synthesis of L and S genomic RNAs and NP
infected-cell extract concentrations. All in vitro reactions were and GP mRNAs closely paralleled each other between 8 and
carried out at 30'C for 40 min. In each case. the total protein a0 G after c los, pa rallel ed eaak o t be t 8 a

concentration ssas 240 pg. Data were obtained byr scanning a dried 20 h after infection. with a pronounced peak at about 16 h

agarose gel (see Fig. 7). Counts are for individual 100.-i reaction (Fig. 4 and 5). After 16 h there was a biphasic decrease in

mixes. polymerase activity. with a rapid fall between 16 and 20 h
followed by a more gradual decline. By 48 h. howsever, the
synthesis of genome-sized RNAs fell to virtually undetect-

mechanism of viral persistence, and (i6) optimal replication able levels, while that of subgenomic mRNAs decreased
and transcription may depend on interaction of the viral much more slowly (Fig. 3 and 5). This suggests an uncou-

polbmerase with cellular factors that may not be present in piing of the two processes and may reflect changes in the

purified virions. It is not known whether cellular proteins are pol> merase. perhaps caused by accumulating levels of L

involved in arenavirus replication and transcription, but protein or interaction with another viral protein or a cellular
there have been several reports of cellular proteins enhanc- factor.
ing or being required for in vitro RNA synthesis in other LCMV readily establishes persistent infections in cultured
RNA viruses, including vesicular stomatitis virus (VSV). cells and in mice infected within the first 24 h of life.
Sendai virus, and poliovirus (15. 23. 24). In the case of Persistent infections are characterized by reduced viral
measles virus. polymerase activity was found to be 10-fold replication, decreased accumulation of viral glycoproteins at
higher in RNP complexes from infected cells than in purified the surface of infected cells, the generation of interfering
virions. although no direct role for a cellular cofactor has yet particles, and the appearance of novel viral RNAs. How-
been identified (27). ever. it is not known what is responsible for the switch from

In our in vitro assay for the LCMV polmerase. we acute to persistent infection. The reduction in the generation
observed synthesis of full-length. LCMV-specific RNAs of infectious virus (8). appearance of novel subgenomic viral
corresponding in size to the genomic L and S RNAs and the RNAs (11, 121. and generation of interfering particles (18)
NP and GP mRNAs (Fig. 4 and 6). A similar assay system. may be due to an altered RNA polymerase or replicase
with cytoplasmic RNP complexes, demonstrated the synthe- activity. We are currently inestigating whether there are

sis of full-length genome-sized RNA and mRNA in vitro for any differences in the viral polymerase activity or in the
influenza virus (10). The RNAs synthesized in vitro hybrid- RNAs synthesized in vitro with RNP extracts from persis-
ized specifically with LCMV-derived cDNAs (Fig. 2). Other tently infected cells.
hybridization experiments with strand-specific M13 sub-
clones derived from various regions of the LCMV L and S ACKNOWLEDGMENTS
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Neutralizing Epitopes of Lymphocytic Choriomeningitis Virus Are Conformational
and Require Both Glycosylation and Disulfide Bonds for Expression
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Lymphocytic choriomeningitis virus (Armstrong strain) bears two overlapping epitopes, GP-1A (A) and GP-1D (D),
recognized by neutralizing antibodies on the major surface glycoprotein GP-1. Both are discontinuous conformational
epitopes thet require prior formation of disulfide bridges and addition of N-linked oligosaccharides. Using monoclonal

antibodies specific for each of these epitopes, as well as for conformation-independent epitopes, we have investigated

the requirements for biosynthesis and folding of the epitopes. The carbohydrate residues themselves do not appear
to comprise critical informational components of thecze epitopes, but are required for proper folding of the nascent
glycopeptide chain within the rough endoplasmic reticulum. These epitopes diffc• in ihei- rdi• :r.i -.e ". denvturatio,i,
epitope D is retained when denatured with SDS under nonreducing conditions, whereas epitope A is lost. Monoclonal
antibodies to epitope A cross-react with several strains of LCMV. However, epitope D is detected in only a subset of
isolates derived from the Armstrong strain of LCMV. By RNA sequence analysis, we have mapped a single amino
acid change distinguishing those virions containing epitope D. Acquisition of binding activity of the epitopp C-specific
monoclonal correlates with a Thr -- Ala or Thr - Lys mutation at amino acid 173 of the GP-1 molecule and concomitant
disruption of a consensus N-linked glycosylation site. C. 1989 Academic Press, Inc.

INTRODUCTION sociated with the viral genorme, and two surface glyco-

Lymphocytic choriomeningitis virus (LCMV) is the proteins, GP-1 (Mr 44K) and GP-2 (M, 35K), that are de-

prototype of the arenaviridae, and as such its biology rived from a precursor glycoprotein, GP-C, found in
andinfected cells (Buchmeier et at., 1987s uchmeier andandstrctue hve eenexensvel s~die. LMV n- Oldstone, 1 979). This precursor is a molecule of
fection of the mouse has proved to be a model system 70D a and 19 cleaveduat in siteculeier

in which it has been possible to examine multiple as-

pects of persistent infection (Traub, 1936; Mims, 1970) c't al., 1987) to yield GP-1 and GP-2. GP-2 appears to

including tolerance and immune-comp;ex disease be less accessible on the virion surface than GP-1

(Oldstone and Dixon, 1967, 1969, 1970) and the con- (B-jchmeier et al., 1978) and is highly conserved

cept of alteration of "luxury" functions of cells while among the strains of LCMV and among the other are-

vital functions are normal (Oldstone et al.. 1977. 1982. navirndae (Southern and Bishop, 1987; Buchmeier et

1984; Klavinskis et al-, 1988). Acute infection of mice al., 1981. Weber and Buchmeier, 1988). On the other

with the virus has been used to demonstrate a major hand, GP-1 is the major surface glycoprotein of the vi-

role for T cells both in immune-mediated pathology non (Buchmeier et al., 1978) and is more polymorphic

(Cole et al., 1972; Gilden et al., 1972; Allen and Do- than GP-2 (Buchmeier, 1984). GP-1 has also been

herty, 1985) and in clearance of the virus (Zinkernagel shown to be the target of neutralizing antibody (Buch-

and Welsh, 1976; Anderson etal., 1985). meier, 1984; Buchmeier et at., 1981- Bruns et al.,

Structurally LCMV is the best characterized of the 1983; Parekh and Buchrneier, 1986).

arenaviruses. There are three major structural pro- Two strains of LCMV were used in our laboratory to

teins, a minor 10- to 14-kDa polypeptide and a putative generate monoclonal antibodies (MAbs) (Buchmeier et
RNA polymerase encoded by a two-segmented RNA al., 1980, 1981; Buchmeier, 1984), and these MAbs

genome. The 10- to 14-kDa polypeptide is consistently have been used to define the antigenic topography of

observed in preparations of purified LCMV and other GP-1 and GP-2. Competitive binding assays demon-

arenaviruses, but its function is unknown. The struc- strated the presence of three B-cell epitopes on GP-2,
rural proteins include a nucleoprotein (NP) (M, 63K) as- and tour on GP- 1 tParekn ana Bucnmeier, 1986). Two

of the GP- 1 epitopes, A and D, were targets of neutral-

Present address Depariment of Microbiology. University of 01- izing MAbs. However. epitope D appeared to be

tawa. Ottawa, Canada unique to the Armstrong strain of LCMV (LCMV Arm)
To whom requests for reprints should be addressed and was absent from LCMV WE (Parekh and Buch-
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meier, 1986). Epitopes A and D are riot identical but well. In some experiments viral antigen was treated for
overlap, as shown by reciprocal partial inhibition of 30 min at 370 in 0.2% 2-mercaptoethanol (2-ME) (Bio-
binding of MAbs to each of these determinants (Parekh Rad Laboratories) prior to coating on plates. After coat-
and Buchmeier, 1986). ing, plates were blocked for 3 hr with 2% skim milk

For the present studies we have focused on the neu- powder in PBS containing 0.05% Tween-20 (PBS-
tralizing epitopes of LCMV Arm because of their biolog- Tween). Antibodies were titered in fourfold dilutions in
ical relevance. In related studies we have established a volume of 100 ul. After a 60-min incubation, the
that monoclonal antibodies to both epitopes A and D plates were washed and bound antibody was detected
passively protected mice from acute infection and dis- with protein A-peroxidase (Sigma) and orthophenylen-
ease following intracranial challenge with virus (manu- ediamine substrate (Bio-Rad Laboratories) as de-
script in preparation). Furthermore, preimmunization of scribed elsewhere (Parekh and Buchmeier, 1986).
guinea pigs with LCMV Arm protected them against
subsequent challenge with a more virulent strain of Glycosylation inhibitors
LCMV, LCMV-WE (Riviere et al., 1985; Peters et al., Tunicamycin (TUN), deoxymannojirimycin (DMJ), and
1987). While the basis of this protection has not been swainsonmne (SSN) were purchasea from Boehringer-
determined, the dominant B-cell response in protected Mannheim and castanospermine (CSP) and N-methyl-
animals is directed against the neutralizing epitope A deoxynojirimycin (N-DNJ) were from Genzyme. Inhibi-
(Parekh and Buchmeier, 1986), Moreover, immuniza- tors were prepared as stock solutions at 2 mg/ml in
tion with LCMV Arm has also been reported to cross- DMSO and were added at the indicated final concen-
protect guinea pigs from lethal challenge with Lassa trations to media of infected coverslips for the last 16
virus (Peters et al., 1987), an arenavirus highly patho- hr of culture. Control cultures received equivalent con-
genic for humans. These findings suggest that infor- centrations of DMSO without drug.
mation derived from studies of the basis of neutraliza-
tion of LCM virus may be applicable to other human Polyacrylamide gel electrophoresis (PAGE) and
arenavirus pathogens. For this reason, we were inter- Western blotting
ested in further examining the physical relationship of
epitopes A and D on GP-1, as well as defining the con- SDS-PAGE was performed on 10% slab gels as de-

ditions required for the proper folding of these confor- scribed by Laemmli (1970) For Western blots purified

mational epitopes. virus was loaded, without heating, at a concentration
of 10 pg/well, in 1% sodium dodecyl sulfate (SDS) sam-

MATERIALS AND METHODS ple buffer either containing 1% 2-ME (reducing condi-
tions) or not (nonreducing conditions). Electrophoresis

Virus and cell culture was carried out in the cold as described by Swack et
al. (1987). Gels were electrophoretically transferred at

The various isolates of LCMV, Arrn-4, Arm-5, Arm-3 a temperature of 4' onto 0.2-Mm nitrocellulose paper
and Arm-10, were triply plaque-purified from a parental (Schleicher and Schuell) (Burnette, 1981). Blots were
stock of Armstrong CA-1371 lParekh and Buchmeier, blocked with 2,% milk powder in PBS-Tween for 3 hr,
1986). Working stocks were grown in BHK-21 cells in- incubated with antibody diluted 1/100 in PBS-Tween
fected at a m.o.i. of 0.1 and harvested 48 hr later. for 1 hr. and washed three times before bound anti-
These cloned isolates have been phenotypically stable body was detected with '•!-labeled protein A.
over more than 10 subcultures in a 5-year period. Virus
was purified by banding on 10-40% (v/v) Renograffin- Immunoprecipitation
76 (Squibb Diagnostics) gradients in 0.01 M Tris, 0.1M NaCI, 0 001 M EDTA, pH 7.4 (TNE), as prev~ously BHK-21 cells were infected at am mo i of 1.0 for 48
M N uch 001 M eDTer pH 7.4e 1). aspreviously hr, then labeled for 1 hr in methionine-free Dulbecco's
described (Buchmeler and Oldstone, 1979). minimal essential medium (Flow Laboratories) con-

Immunoifluorescence and enzyme-linked taining 60 PCIiml L-[""Slmethionine (Amersham). Ly-
immunosorbent assays (ELISA) sates were prepared in a buffer containing 20 mM Tris,

137 mM NaCI, 1 mM CaCI2, 0.5 mM MgCI2, 1% (v/v)

Indirect immunofluorescence was carried out with NP-40, 10% (v/v) glycerol, 1% (v/v) aprotinin and then
moncc!cna! ntbodk c on. actone-f;xed o,,ershps of uieaied by cenrifugation at 14,0Uo rpm for 15 min.

infected BHK-21 or Vero cells as described (Buchmeier Equal volumes (cell equivalents) of control and test ly-
et al., 1981). For ELISA assays, purified virus was sates were incubated with monoclonal antibody at a
coated in the cold on 96-well flat-bottomed plates final dilution of 1:500 for 45-60 min, after which 80 gl
(Flow Laboratories) in PBS at a concentration of 0.5 gg/ of washed protein A-Sepharose CL-4B beads (Sigma)
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was added. Tubes were further incubated for 30 min 2o - 0
with continuous shaking. Precipitates were collected
by pelleting beads which were washed three times in
wash buffer (100 mM Tris, 500 mM LiCI) before resus- 1.5 t. Se Z .Z i t. I10 : 6 P .ID

pension in 20 •1 sample buffer with 1% 2-ME, 2% SDS. an 67 ?:GP-IC
Samples were boiled at 1000 for 2 min before loading t. o
onto polyacrylamide gels as described above. 14C-
methylated protein markers (Amersham) were run on
each gel. After electrophoresis gels were fixed in 7%
acetic acid, 20% methanol, washed with distilled wa-
ter, incubated in Autofluor (National Diagnostics) for 30 1 0 1.3 1.6 1.9 2.2 2.5 2.8
min, then dried and exposed at -700. Iog,, Antibody Dilution

Sequencing of LCMV glycoprotein genes

Genomic RNA was isolated from purified virus stocks
by extraction with phenol, followed by phenol/chloro-
form before ethanol precipitation as described else- 2.o 0
where (Salvato et af., 1988). Briefly, the genomic RNA 0
was sequenced by annealing a radioactive oligonucle- "1.5 .
otide primer to viral RNA and then extending enzymati-
cally using a protocol described by Hamlyn et al. 1-
(1981). Reaction mixtures contained avian myelo-
blastosis virus (AMV) reverse transcriptase (Life Sci- 0 *9 -•9-P"?A
ences) and deoxy- and dideoxynucleotide triphos- 0.5 06 a 6. GP ,iAcu
phates from Sigma and Pharmacia, respectively. Se- '
quences were resolved on thin (0.4 mm) gradient _
polyacrylamide gels (Biggin et al., 1983). Samples from 1.0 1.3 1.6 1.9 2.2 2.5 28

the different virus isolates were run simultaneously and log,, Antibody Dilution
loaded on the sequencing gels in adjacent lanes to en- FIG. 1. Dependence of conformational epitopes in the presence of
sure valid comparisons. disulfide bridges. Untreated (open symbols) or reduced (solid sym-

bols) virus was coated on ELISA plates. (A) Epitope D 1D detected
RESULTS by MAb 2 11.10 (circles). control ep~tope C detected by MAb 67.1

(squares). (B) Epitope A detected by MAbs 197.1 (circles) and 6.2
Epitopes A and D are dependent on the presence (squares), control. polyclonal guinea pig antiserum (triangles).
of disulfide bonds

We wished to examine the effects of reducing condi- HLA Class II epitopes by Western blotting when they
tions on the neutralizing epitopes in the absence of de- eliminated reduction and boiling of the antigen and per-
naturing detergents. Purified virus was treated with formed the SDS-PAGE and transfer to nitrocellulose in
0.2% 2-ME or PBS prior to use as antigen in ELISA as- the cold. Using their methods, we were able to consis-
says. In Fig. 1, it can be seen that the binding of MAb tently detect epitope D in Western blots (Fig. 2). Under
2.11. 10 to epitope D and MAbs 197.1 and 6.2 to epi- nonreducing conditions we also observed higher-mo-
tope A were abrogated by 2-ME treatment of viral anti- lecular-weight species that appeared to be homopoly-
gen, while binding of MAb 67.2 to the linear epitope mers of GP-1. In contrast to these results, MAbs
GP-1C was unaffected. against epitope A were only slightly reactive, even

when the SDS concentration was reduced from 1 to
Epitopes A and D are differentially sensitive to 0.1% in the sample buffer and the protein concentra-
denaturation with detergent tion was increased as suggested by Cohen et al. (1986)

Our initial attempts to detect these two epitopes by (data not shown).
standard Western blot protocols failed, confirming their Epiiopes A and D ume dependent on N-linked
conformational nature. We then tried a modified West- EpicosyAan
ern blotting procedure using conditions that had been glycosylation
successful in retaining conformational epitopes in There have been several reports of carbohydrates in-
other systems. Swack et al. (1987) were able to detect fluencing the antigenicity of viral glycoproteins, and
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R NR NR R D were undetectable, although there was viral protein
present as indicated by positive staining /ith the con-
trol antibody. Identical results were obtained in in-
fected Vero cells. The absence of epitope D in TUN-

treated infected cells has been confirmed by immuno-
precipitation of metaboically labeled lysates (Fig. 4). In8 8 I -"these experiments the epitope on the precursor mole-

- Acule, GP-C, is detected. Using a control antibody to an-
other epitope on GP-C (MAb 33.6) we visualized a dou-
blet band of ca. 55 kDa that represented unglycosyla-

MAb 2.11.10 MAb 67.2 ted GP-C. We have confirmed that this doublet is not
glycosylated by demonstrating its resistance to diges-

FIG. 2. Detection of euitope D by Western blot. Virus in reducing tion with Endoglycosidase H and O-Glycanase (data
(R) or nonreducing (NR) sample buffer -was electrophoresed in the not shown). The 55-kDa band could not be detected
cold, transferred 10 NC. ard then incubated vvith MAb 2 11 10 to after immunoprecipitation with antibody to epitope Denitone D or to a Inear deterrmnant (MAb 67.2).atrimnpe~ia~nwt nioyt ptp

(2.1 1.10). We were unable to compare immunoprecipi-

tates of epitope A with epitope B, even using several
MAbs directed to epitope A, consistent with the sensi-many conformational determinants cannot be detected tivity of this epitope to detergent disruption.

when N-linked glcosylation is prevented with TUN

(Pierot etal., 1981; Long etal., 1986; Sugawara etal., Conformational epitopes are dependent on addition
1988. Hongo et a!., 1986; Bruck eta!., 1984: Kaluza et of core oligosaccharides but require no further
a!., 1980). We examined the effect of TUN on confor- trimming or processing
mational epitopes ot Arm. I by indirect immunofluo-
rescence on infected BHK coverslips after growth for Because the neutralizing epitopes were undetect-
16 hr in 0.5 pg/ml TUN. Monoclonal antibodies detect- able in TUN-treated LCMV-infected cells, there was a

ing epitope D (MAb 2.11.10), epitope A (MAb 197.1), possibility that oiigcsaccharide side chains contributed

or a control epitope on GP-2 (MAb 33.6) were used. directly to the structure of the epitopes. To formally ex-
Figure 3 shows that in the presence of TUN both A and amine the role of carbohydrates in the structure of

336 2.11 tO 197.1
GPC:GP2A GPC GP tO GPC:GP IA

Control

TUN

FIG. 3. Dependence of conforrat.ona• epitopes on N%!inked glycosylalion BHK cells were mock-treated v.th 0.25% DMSO (control) or TUN
(0.5 mg,'rn '.or the !ast 16 hr of infect:on and then fixed and stained as described. Neitmer epitope A nor D was detected in the TUN-treated cells.
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2.11.10 33.6 three additional terminal glucose residues on each oli-

TUNjgigm 1.0 0.5 0.1 0 Mock 1.0 0.5 0.1 0 Mock gosaccharide side chain. These residues are trimmed
., .in the presence of DMJ and SSN, as indicated by the

shift in migration of GP-C.

-92 Epitope D is disrupted by the presence of one extra
6C-- 0N-linked carbohydrateGPc-C - -" -69

S-, -46 The isolate of LCMV used in our laboratory. Arm-4,
-4 is one of 10 clones plaque-purified in 1981 from a pa-

4WM •. : •-rental stock of LCMV Arm (CA 1371), which was used
to generate our monoclonal antibodies (Buchmeier et
al., 1980, 1981). Of these 10 clones, all possessed the
major neutralizing epitope, A, but only 5 reacted with
monoclonal antibody specific for epitope D as detected
by ELISA, indirect immunofluorescence, or neutraliza-

FiG. 4. Failure of MAb 2.11.10 toi mmunoDrecoitate epitore D in tion assays. We sequenced the GP-1 gene of Arm-4
absence of gicosylat:on Infected BHK cell lysates were immuno- (epiltope A+D+), Arm-5 (epitope A+D-), and two other
precipitated with MAb 2.1 10 oracontroiGP-2epitope(336)afber isolates, Arm-3 (epitope A+D-) and Arm-10 (epitope
incubation in varying concentrations of TUN for 24 hr Mature GP-C A+D+), to search for mutations correlating with the
is precipitated by both MAbs: unglycosylated GP-C (*) is precipitatedonly. Dy MAb 33.6. presence or absence of the epitope. Two nucleotide

changes were found which resulted in amino acid

changes in GP-1. By the numbering of Salvato et al.
these epitopes, we used several inhibitors that block (1988), A. 94 (Arm-5) is Gý9, (Arm-4) and CO3, (Arm-5) is
various stages of trimming of the core oligosaccharide T,,, (Arm-4) (Southern and Bishop, 1987; Salvato et al.,
following en bloc addition to the protein backbone (for 1988). Isolates Arm-5 and Arm-3 matched the pub-
review see Elbein, 1987). We reasoned that if the corn- lished sequence of GP-1. The changes at nucleotide
position of the carbohydrate side chain was responsi- position 594 result in amino acid changes from Thr
ble for the detectable antigenicity, we might expect 173 -- Alanine 173 in Arm-4, and those at position 831
differential reactivity at various stages of processing. result in Leu -w Phe in Arm-4. The latter amino acid
Castanospermine (CSP) prevents the first stage of car- substitution was also seen in the WE strain of LCMV
bohydrate processing, trimming of terminal glucose which, unlike Arm-4, lacks epitope D (Parekh and
residues by glucosidases I and II. Swainsonine (SSN) Buchmeier, 1986). On the other hand, Arm-4 and Arm-
inhibits mannosidase II, a Golgi enzyme that completes 10, both of which expressed epitope D, had Thr --. Ala
the final trimming of mannoses before the addition of and Thr --9. Lys substitutions respectively at amino acid
terminal residues that occurs in the formation of com- position 173 of the GP-1 gene (Table 1). The presence
plex carbohydrates. We fixed infected coverslips of the Thr 173 in Arm-3 and Arm-5 completes the con-
grown in the presence of these drugs for the duration census sequence for a potential N-linked giycosylation
of culture and then proceeded with indirect immuno- site, ,7,Asn-Leu-Thr. 73. Hence, isolates of LCMV Arm
fluorescence as before. Both epitopes A and D were lacking epitope D bear six potential N-linked glycosyla-
undetectable in the presence of TUN, but appeared in tion sites within the GP-1 sequence, whereas isolates
the presence of CSP and remained in the presence of expressing epitope D only have five such sites. In other
SSN. The data for epitope A are presented in Fig. 5. We studies we have confirmed by controlled deglycosyla-
have confirmed these results for D by immunoprecipi- tion that all of the five potential asparagine-Iinked gly-
tating infected BHK cell lysates with MAb 2.11.10 (Fig. cosylation sites in GP- 1 are utilized when LCMV Arm-
6). In this experiment two additional inhibitors that 4 is grown in BHK-21 cells.
affect trimming at intermediate steps between CSP and To confirm that the sixth glycosylation site was uti-
SSN were also included. These were N-DNJ, which in- lized in isolates lacking epitope D, we performed immu-
hibits glucosidases I and II, and DMJ, which inhibits the noprecipitation of metabolically labeled BHK lysates in-
Golgi enzyme mannosidase I. MAbs to epitope D pre- fected with e'her Arm-4 or Arm-5 in the presence or
cipioutatedG•GP-C , the p in,, D, a:! t•,e 1im ',,i 'g , ,, Z- 3 .s.n ocI TU.. FL!y ', y c o -, y- C 0 f^,rm 5 v. '3 (-

itors, but failed to do so in the presence of TUN. Elec- approximately " kDa larger than that of Arm-4, consis-
trophoretic mobility of GP-C was retarded after growth tent w;th the expected molecular weight of one carbo-
in CSP and N-DNJ, consistent with the presence of the hydrate side chain (Nakamura and Compans, 1979).
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TUN CSP
33.6 197.2

TUN SSN
197.2 197.2

FIG. 5. Addition but not trimming of N-linked sugars is required for the formation of conformational epitopes. Infected BHK cells were treated
with 0.25% DMSO (control), TUN (0.5 ug/ml), CSP (80 mg/mi), or SSN (0.5 mg/ml) for the whole time of infection and then fixed and stained as
described with MAb 197.2 detecting epitope A. TUN-treated cells stained with MAb 33.6 directed to an epitope on GP-2 are shown as a control.

Bands corresponding to unglycosylated GP-C immu- tibody (MAb 33.6) and with MAb 2.11.10 directed to
noprecipitated from TUN-treated cultures infected with epitope D. As can be seen in Fig. 8, the control anti-
the two viruses were the same size (Fig. 7A). These body precipitated fully glycosylated and unglycosyl-
data indicate that the polypeptide backbone of GP-C is ated GP-C of both Arm-4 and Arm-5, but epitope D was
the same size in both virus isolates, and the observed not detected on unglycosylated GP-C of Arm-4, and did
difference in size of GP-C is the result of differential N- not appear on unglycosylated Arm-5. Similarly, the epi-
linked glycosylation. Analysis of the mature viral glyco- tope did not appear on Arm-5 in the presence of any of
proteins by Western blotting demonstrated that the the trimming inhibitors CSP, N-DNJ, DMJ, or SSN.
difference in apparent molecular weight resides in GP-
1 (Fig. 7B). DISCUSSION

For most animal viruses quantitative immunochemi-
Prevention of N-linked glycosylation does not cal analyses of neutralizing epitopes have been de-
expose epitope 0 on Arm-5 scribed, but characterization of the physical structure

Carbohydrate moieties have been shown to directly of these epitopes is less common. From those studies
block the binding of antibodies to regions of the influ- that have been published, there appears to be no gen-
enza hemagglutinin known to be B-cell epitopes eral rule whether neutralizing epitopes are linear or
(Skehel et a!., 1984; Alexander and Elder, 1 984). Be- conformational: multiple examples of each class have
cause epitope D was a discontinuous, conformational been reported (Bruck etal., 1984; Alexander and Elder,
epitope and was dependent on the presence of N- 1984, Long et al., 1986; Wimmer et a!., 1986). In the
linked glycosylation, it seemed unlikely that prevention context of our studies of the structure and function of
of all N linked glycosylation would expose the epitope arenavirLs glycoproteins we sought to explore the na-
on the GP-1 of Arm-5 and Arm-3, which normally bear ture of the neutralizing epitopes of LCM virus.
one additional oligosaccharide at Asn 17 1. To explore The isolate of LCMV Armstrong used in our labora-
thiy,, beth Arm 4 ind Arm 5 were grown in the pros- lory. Arm-4, bears two partially overlapping epitopes
• Orir; f tUN ;arid rentfbolinaflly laheled, then infected recognized by our panel of neutralizing monoclonal an-
f;iIlly-,lO. IN •r irrirmilnnFrr;Fpttnl with a control an- tinb dies (Parekh and Buchmeier, 1986). Data pre-
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.. Z. cm a M 4 4 5 5

TUN + - + - + CP2 GP-1

-92

-69

-46 GPC- -. ,

Unglycosylated Wiwi"
GPC ,

FIG. 7. LCMV isolates lacking epitope D have one extra carbohy-
drate on GP-1. (A) Arm-4 and Arm-5 were grown in the presence
of TUN, then lysates were immunoprecipitated with MAb 33.6. (8)
Purified Arm-4 and Arm-5 were separated by SDS-PAGE, trans-
ferred to NC, and then bloited with MAbs specific for GP-1 (67.2) or

FIG. 6. Immunoprecipitation of GPC precursor with MAb to epitope GP-2 (33.6).
D in the presence of inhibitors of glycosylation trimming. Immunopre-
cipitation of BHK cell lysates infected with Arm-4 was carried out as
described after growth in the presence of TUN (0.5 pg/mI), CSP (80
mg/ml), N-DNJ (2 m"), DMJ (2 mM), or SSN (0.5 pg/ml) for 16 hr. isolates (Arm-3 and Arm-5) which have potential N-

linked glycosylation sites Asn X Thr at residues 171-
173 lack epitope D and two isolates (Arm-4 and Arm-

sented in this study demonstrate that both of these epi- 10) which lack the potential for glycosylation at that site
topes are conformational and are dependent both on express epitope D.
the presence of disulfide bridges and on N-linked gly- Dependence of these conformational epitopes on N-
cosylation. These two epitopes can be distinguished linked glycosylation is perhaps not unexpected. Oligo-
on a genetic basis. By sequencing virus isolates which saccharide precursor molecules are added en bloc to
differ in their reactivity with a MAb recognizing epitope asparagine residues of the protein in the lumen of the
D, we have identified amino acid residue 173 of GP-1 rough endoplasmic reticulum almost as soon as the
as critical for expression of epitope D. Sequence com- asparagine residue emerges through the ER mem-
parison of four such isolates has determined that two brane and prior to folding of the protein and disulfide

TABLE 1

SEQUENCE COMPARISON AND ANTIBODY REACTIVITY OF GP- 1 OF LCMV ARM ISOLATES

GP-C sequence' Epitope'
nucleotides 582-620

LCMV isolate amino acids 169-181 A D

CAATACAACTTGACATTCTCAGATCGACAAAGTGCTCAG
Arm-5 GlnTyrAsnLeuThrPheSerAspArgGlnSerAlaGln + -

GCA
A rm -4 ----------- Ala -------------------- + +

ACA
Arm-3 ----------- Thr --------------------- +

AAA
Arm-10 ----------- Lys --------------------- + +

Sequences were determined by primer extension.
"Reactivity with MAbs to epitope A (MAbs 197.1 and 6.2) and epitope D (2.11.10) is scored. + indicates a positive reaction.
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2..133.6 1988) ail possess conformational neutralizing epitopes

M 4 4 5 5 M 4 4 5 5 that are absent after growth of the viruses in tunica-
TUN . . ..+ - + mycin. For one of these, removal of carbohydrates from

mature viral proteins does not eliminate the epitope
(Pierotti et al., 1981), confirming that cotranslational
additional of carbohydrates is required for approp!iate
fold.ng, but not for maintaining protein conformation.

GK-* In each of these instances the carbohydrate moieties
themselves were not directly involved as recognition

- structures in the epitopes. Our data using inhibitors of
trimming also suggest a role for the carbohydrates in
the folding of GP-1 rather than having a direct role in
the epitope. By controlling the extent of trimming using
glycosylation inhibitors we have demonstrated that ad-

dition of arny oligosaccharide from high mannose to
II-t fully trimmed complex resulted in restoration of full re-

.c,, i . The observation that the presence of one more

carbohydrate residues on GP-1 at Asn 171 also dis-
rupts epitope D strengthens our argument that the pro-

cess of glycosylation and its influence on protein told
ing rather th3n the composition of the carbohydrates
is important. On the basis of the evidence at hand we

_. =.• cannot distinguish whether addition of a sixth sugar at
Asn 171 alters the folding c& GP-1 or directly sterically
hindeis an~tibody b~iiditig. One approach to this prob-

FIG. 8 Prevention oi giycosyiation does not exoose epitope D on lem anto dee min One app to this prob-

Arn 5 Arm 4 and Arm 5 were grown ,n the presence or absence o em is to determine whether the epitope remains intact
"7UN arid thien lysates were immunuprecipitated with MAb specific on Arm-4 after removal of the carbohydrates from ma-
tor epito.e D (2 11 10) or a control GP 2 MAb (33.6) Asterisk () de- ture virions. Were this the case removal of the carbo-
notes ungiyicosylated GP C hydrates from Arm-5 might also reveai the epitope, in-

dicating that folding of the protein was the same in both

bond formation. For this reason it has been suggested viruses, and the sixth sugar directly blocked the epi-

that glycosylation may play a role in directing and main- tope. If the epitope was not revealed, it would suggest

tamning folding of some proteins (Gibson et al., 1978, that folding differed. Unfortunately, using gentle treat-

1980, Kaluza and Pauli. 1975: van Grunen-Littel-van ment of native GP-1 with either Endoglycosidase F or

den Hurk. and Babiuk. 1985). N-Glycanase we were unable to remove all of the car-

Direct support for this concept has come from stud- bohydrate, and more rigorous treatment required to

ies of the intracellular foldinu of human immunodefi- produce a ladder of partially deglycosylated GP- 1 mole-

ciency virus (HIV- 1) gp 120 (Fennie arid Lasky, 1989). cules disrupted the epitope even in the absence of en-

Folding of gp 120 to a conformation which was able to zymes. Thus we were unable to satisfactorily resolve

bind the viral receptor CD-4 molecule required addition this issue.

of high)-mannose precursor sugars and was completely Conformational epitopes relying on disulfide bridges
blocked by tunicamycin inhibition of ohigosaccharide have also been described for tick-borne encephalii 3
addition In a similar manner, addition of high-mannose virus (Winkler et al., 1987), Semliki Forest virus (Kaluza
oligosacchandes prior to disulfide bond formation was and Pauli, 1975), rabies virus (Dietzschold et al., 1982),
shown to be a requtrement for correct folding of the and herpes simplex virus-1 (Wilcox et al., 1988). We
Sendai virus glycoproteins to a conformation recog- know that disulfide bonds are formed in the presence
nized by conformation-dependent MAbs (Vidal et al., of tunicamycin (data not shown), but cannot distin-
,'989). guish whether appropriate or inappropriate pairings are

A ujeti N ; -iiik.e yibyaIiUy i in !hu foillahiull uf obtained in ,he absence of gycosy{atio. Evidence has
neutralizing epiopes of other viruses has alsh been de- been presented for Sendai virus glycoproteins which
scribed Bovine (Bruck et al., 1984) and munine (Pierotti suggests that incorrect interchain disulfide bonds are
et a/. 1 98 t) leukemia viruses, Newcastle disease virus formed under conditions of tunicamvcin inhibition (Vi-
(Long et al, 1986), arid influenza C (Sugawara et a!., dal eta/., 1989).
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Because the neutrdihzing epitopes are conforma- BIGGIN. M D0 GIBSON, T. J., and HONG. G. F. (1983). Buffer gradient

tional it is unlikely that linear synthetic peptidles can be gels arid I'S label as an aid to rapid DNA sequencing. Proc. Natl.

used successfully as mimotopes for immunization Acad Sci. USA 80, 3963 -3965.
BeucK. C, RENSONLIET. N , PORTETELLE. D.. cLEUTER. Y., MAMMrvERICKX,against natiye viral GP-1 . We already know that none of M . BURNY. A.. MAMOUN. R., GUILLEMAI%. B.. VAN DER MAATEN. M_ J..

our monoclonal antibodies directed to epitopes A and and GHY5DAEL. J. (1984) Biologically active epitopes of bovine leu-
D bind preferentially to any of a series of synthetic pep- kemia virus glycoprotein GP5 1. Their dependence on protein gly.

tides spanning GP-1 01 LCMV Arm (Parekh and Buch- cosylation and genetic variability. Virology 136, 20-3 1.
meier, unpublished data). Neither do MAbs against epi- BRUNS. M . ciHAK, J.. MILERA, G.. and LEH-MANN-GRUSE, F. (1983). Lym-

toeAreact with recombinant GP-C produced by a phocytic choriomeningitis virus. VI. isolation of a glycoprotein me-
tope diating neutralization. Virology 130, 241 -251.

baculovirus expression vector (Buchmeier and Bishop, BUCHMEIER. M. J. (t1984). Antigenic and structural studios on the gly-
unpublished observation). Whereas epitope D is found coproteins of lymphocytic choriomeningitis virus In "Segmented
only on LCMV Arm substrains, epitope A is the immu- Negative Strand Viruses" (R. W. Cornpans and D H L. Bishop,
nodominant neutralizing epitope recognized on all Eds.), pp 193-200 Academic Press. Orlando, FL.
strains of LCMV by both monoclonal and polyclonal an- BUCHMEIER. M~ J . EDER. I. H., an~d OUSOONE, M.B.A. (1978). Protein

tiboies(Paekh nd ucheier 1 86) andthu is structure of tymphocytic choriomeningitis virus. Identification oftiboles(Paekhand ucheie, 186),andthu is the virus Structural and cell associated polypeptides. Virology 89,
more crucial. The sensitivity of this epitope to even 133- 145.
mildly denaturing conditions suggests that retention of BJCHT.%iIER. M J.. LEVwiK. H A., ToMiORi. 0., and JOH-NSON,. K M.
reactivity may be difficult. These findings are consis- (1980). Monoclonal antibodies, to lymphocylic choriomeningitlis vi-

tently observed with several independently derived rus react with pathogenic a. .ýnaviruses Nature (London) 288,

MAbs, hence are unlikely to stem from the use of a 486-487.
t.AAI.BUCHMiER. M. J.. LEW~CKI. H. A.. TO~MORi. 0.. and OLDSTONE.single VI L. M. B. A (1 98 t1) Monoclonal antibodies to lymphocytic choriomen-

Our data do not ide.)tifv what spe~cific amino acid se- ingitis and Pichindle viruses~ Generation, characterization, and
quences of GP-1 make up these neutralizing epitopes. cross-reactivitywvitliother arenaviruses Virology 113,7?3-85.
We know from sequence data that there are eight BUCHMEIER, M J.naid 0,DSTONE, M. B A (1979). Proteinrstructure of

highly conserved cysteine residues in GP- 1 and find no lymphocytic choriomeningitis virus: Evidence for a celi-asscciatea

evidence of interc~iain disulfide linkage between GP-11 precursor of the virion giycopeptides Virology 99, 111-120.

and GP-2. We are currently analyzing intrachain disul- BLICHME-ER, M J . SOU"WERN. ". J . PAREtH. 6 S. W VOODDELL. M. K
and OLOSTONE. M. B. A (1987). Site-specific antibodies define a

fide bond pairings and attempting to identify cleavage cleavage site conserved among arenavirus GP-C glycoproteins i
fragments of GP-1 that retain reactivity with the anti- Viroi. 61, 982-985.
bodies defining epitopes A and D. BORNEnEt. W N. (1981) Western blotting. Electrophoretic transfer

of proteins from sodium dodecyl sulfate -polyacrylam ide gels to
unmodified nitroceiluiose and radiographic detection vwvth anti-
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Intracellular events in the synthesis, glycosylation, and transport of the iymphocytic choriomeningitis virus (LCMV)
glycoproteins have been examined. We have shown by N-glycanase digestion that LCMV strain Arm-4 bears five oligo-
saccharides on GP-1 and two on GP-2. By pulse-chase labeling oxperiments in the presence of drugs ',hich inhibit N-
linked oligosaccharide addition and processing we demonstrate that addition of high mannose precursor oligosaccha.
rides is necessary for transport and cleavage of the viral GP-C glycoprotein. Moreover, in the presence of tunicsmycin
which inhibits en bloc addition of these mannose-rich side chains, virus budding was substantially decreased and
infectious virions were reduced by more than 1000-fold in the supernatant medium. Incubation in the presence of
castantospermine. which permits addition of oligomannosyl-rich chains but blocks further processing, restored trans-
port and cleavage of GP-C and maturation of virions. Finally, by temperature block experiments we have determined
that maturation of GP-C oligosaccharides to an endoglycosidase H resistant form precedes cleavage to GP-1 and
GP-2. The latter process is most likely to occur in the Golgi or post-Golgi compartment. . 1990 Academic Pries. Inc.

INTRODUCTION mannose-rich precursor, GP-C (M, 75--76 kDa) (Buch-
meier and Oldstone, 1979). Most of our work to date

Lymphocytic choriomeningitis virus (LCMV), the pro- has focused on the antigenic structure of these glyco-
totype member of the Arenaviridae, has provided inves- proteins. The major giycoprotein, GP- 1, has at least
tigators with a wealth of intormation about virus-host four B-cell epitopes, two of which bind neutralizing anti-
interaction. In the mouse, LCMV can establish a range bodies. GP-2 has three overlapping epitopes (Parekh
of diseases from acute, lethal chortomeningitis to life- and Buchmeier, 1986), of which two are conserved
long persistent infection. Through the study of these among the arenaviruses (Weber and Buchmeier, 1988;
diseases several fundamental concepts have evolved Buchmeier et al., 1981).
including tolerance and immune complex disease (re- Little is known about post-translational processing of
viewed in Buchmeier et al., 1980), virus alteration of Lte is knowaot pot trn latio cessino
specialized or luxury functions of differentiated cells of GP-C is apparently a paired basic amino acid se-
(Oldstone etal., 1984; Klavinskis etal., 1988), and the of GP-C at amino acid Se-
requirement for major histocompatability complex in cune r-r taioais2223(uheer r t m r To c ekiling armpd virus et aL, 1987), and cleavage is mediated by a cellular pro-expression of antiviral cytotoxic T-celltease. A similar precursor glycopepide has also been
clearance (Zinkernagel and Doherty, 1974; Zinkernagel identified for Pichinde (Harnish et al., 1981), Lassa

The structure of LCMV is the best characterized of (Clegg and Lloyd, 1983), and Tacaribe viruses (Gi-menez er ta., 1983; Franz-Fernandez et al., 1987); how-
the arenaviruses. There are three major structural pro- ever, Tacaribe contains only one structural glycopro-
teins, a nucleocapsid protein (NP, M, 63 kDa), arid two
glycoproteins, GP- 1 (M, 44 kDa) and GP-2 (M, 35 kDa). tein.
In addition, there are at least two quantitatively minor An understanding of the biosynthesis, processing,
proteins, L (M, 200 kDa) which is presumed to be a viral and transport of the LCMV glycoproteins may aid in in-
RNA dependent RNA polymerase, and a minor 12- terpreting aspects of the viral biology. For example, in
14,000 M, polypeptide, termed Z, which may consti- persistent LCMV infections selective modulation of gly-
tute a zinc binding protein (Salvato et al, 1989; Buch- coproteirt expression has been reported in infected
meier and Parekh, 1987). Glycoproteins GP- 1 and GP-2 cells (Welsh and Buchmeier, 1 979) and tissues (Old-
are post-translationally cleaved from a cell-associated stone and Buchmeier, 1982), but the mechanism of

regulation remains unclear. Moreover, recent studic3
have described cylotoxic T-cell epitopes on the glyco-

Present address Department of Microbiology and Immunology. proteins of LCMV (Whitton et al., 1988). Based on cur-
School of Medicine University of Ottawa, Ottawa. Canada K IH 8M5 rent knowledge of the role of class I MHC in the endog-
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ment dernved from it occurs within the intracellular Immunoprecipitation and polyacrylamide gel
transport oathway. Finally, little is known about interac- electrophoresis (PAGE)
tion between the LCMVV glycoproteins and cell-surface BHK-21 cells were infected at an m.o.i. of 1.0 for 48
viral receptors and the mechanism of viral entry into hr, then pulse labeled for 1 hr in methionine-free Dul-
cells. Studies reported here address two basic aspects becco's medium (Flow Laboratories) containing 60
of post-translational processing of LCMV: N-linked gly- MCu/ml L-[35S]methionine (Amersham). Cells were pre-
cosylation of the glycoproteins, and requirements for treated for 24 hrwith glycosylation inhibitois at the idi-
and kinetics of subsequent transport, trimming and cated concentrations in methionine-free media before
proteolytic cleavage of GP-C. GP- 1 and GP-2. labeling. Cells were chased as indicated in medium

containing glycosylation inhibitors and a 10-fold ex-
MATERIALS AND METHODS cess of cold L-methionine. Lysates were prepared in a

Virus and cell culture buffer containing 20 mM Tris, 137 mM NaCI, I mM
CaCl,, 0.5 mM MgCi2 , 1% (v/v) NP-40, 10% (v/v) glyc-

The virus used throughout these experiments, erol, and 1% (v/v) aprotinin. then cleared by centrifuga-
LCMV Armstrong clone 4 (.Arm-4), was plaque purified tion at 14,000 rpm for 15 min. Cell equivalents of con-
from a stock of Armstrong CA-1 371 (Parekh and Buch- trol and test lysates were incubated with antibody at a
meier, 1986, W-ight et al., 1989). Working stocks were final dilution of 1:500 for 45-60 min at 22', after which
prepared by infecting BHK-21 cells at a multiplicity of 80 ,1 of washed protein A-Sepharose CL-4B beads
infection (m.o.i.) o 0. 1 and harvesting the supernatants (Sigma) were added. Tubes were incubated for 30 min
48 hr later. Virus was purified by polyethylene glycol with continuous shaking, then precipitates were col-
precipitation followed by banding on 10-40%, (v/v) re- lected by centrifugation and washed three times in
nograffin-76 (Squibb Diagnostics) gradients (Buch- wash buffer (100 mM Tris, 500 mM LiCI) before resus-
meier and Oldstone, 1979). pending in 20 M1 buffer containing 1% 2-ME, 2% SDS.

Endoglycosidase H (EH) digestion was done on im-
Glycosylation inhibitors mune-precipitated viral proteins. Briefly, each precipi-

tated sample was digested for 2 hr at 370 with 0.005
Tunicamycin (TUN), deoxymannojirimycin (DMJ), and units of EH. Samples were heated to 1000 for 2 min,

swainsonine (SSN) were purchased from Boehringer- then loaded onto 10% polyacrylamide gels (Laemmli,
Mannheim, and ca3tanospermine (CSP) and N-methyl- 1970). "4C-methylated protein markers (Amersharn)
deoxynojirimycin (NM-DNJ) from Genzyme. Stock solu- were run on each gel. After electrophoresis gels were
tions of TUN were prepared in DMSO. Stock solutions fixed in 7% acetic acid. 20% methanol, washed with
of DMJI SSN, and NM-DNJ were prepared in culture distilled water, incubated in Autofluor (National Diag-
medium. In immunofluorescence experiments inhibi- nostics) for 30 min, then dried and exposed to film at
tors were added at the time of infection and maintained -70'. For temperature block experiments, chases
for the duration. For metabolic labeling, inhibitors were were carried out at the indicated temperatures in indi-
added to infected cultures for 24 hr before labeling and vidual water baths.
retained throughout the labeiing and chase periods.
Optimal drug concentrations used were predetermined Western blotting

by titration of their inhibitor/ activity in BHK-21 cells. Purified virus (200 ug) was digested with 0.5 units
Concentrations used were TUN, 0.5 mg/ml; CSP, 80 peptide N-glycosidase F (PNGF), a gift from Dr.J. Elder,
,ug/ml; NM-L)NJ, 2 mM, DMJ, 2 mM; SSN, 0.5 ug/ml. Scripps Clinic and Research Foundation. for varying
Control cultures for TUN were incub-ted in the pres- lengths of time to remove N-linked carbohydrates.
ence of equivalent concentrations of DMSO. Samples were then separated by SDS- PAGE, electro-

phoretically transferred to nitrocellulose, and immu-
Immunofluorescence noblotted with MAb specific for either GP-1 (67.5) or

GP-2 (33.6).
Indirect immunofluorescence of permeabilized cells

was done on BHK-2 1 cell coverslips infected 24 hr ear- Electron microscopy
lier at an m.o.i. of 1.0 (Buchmeier et a/., 1981). For sur- Virus-infected and uninfected control monolayer cul-
face immunofluorescence. infected BHK cells were tures of BHK-21 cells were detached bv scraring with a
trypsinized, then stained with anti LCMV' monoclonal rubber policeman, then pelleted at 500 g. Pellets were
antibodies (MAb) and fluorescein-labeled sheep anti- fixed in 2.5% buffered glutaralderyde and epon em-
mouse IgG. Other studies have established that LCMV bedded. Thin secttons were prepared, stained with os-
antigens on the surfaces of infected cells resist trypsin mium tetroxide, and examined in an Hitachi electron
treatment (Buchmeier et al., 1 981). microscope.



POST-TRANSLATiONAL PROCESSING OF LCMV GLYCOPROTEINS 177

A - tive of GP-C cleavage, was not evident until 90 minN giywali. . . . .
T"•,a, 0 0 4 24 24 4 chase had elapsed. In additional experiments focusing

_*P I on the 60- to 120-min chase interval we have observed
-- the first appearance of GP-2 at 75 min (data not
-3 shown).
-4 - 1

-5 Post-translational cleavage of GP-C requires

prior glycosylationMAb 67.5 MAb 33.6

FiG. 1. Enumeration of ohigosacchanrde side chains on the LCMV In experiments carried out to characterize the two
GP I and GP-2 glycoproleins. Purified LCMV Arm-4 was digested neutralizing epitopes on GP-1, it was found that folding
with PNGF as described under Mvaterials and Methods. Samples of of the GP-C precursor required N-linked glycosylation
the digest were removed immediately after adding all reagents (0 (Wright er ai., 1989). In order to investigate the role of
time) and at 2.4. and 24 hr as indicated Polypeptides were resolved glycosylation in post-translational processing, we uti-
on 10%(A)or 12.5%(8)SDS -PAGE gelsand viral proteinsvisuahized
by Western blotting using GP-1 specific (MAb 67 5) or GP-2-specfic lized the glycosylation inhibitors TUN, DMJ, SSN, CSP,
(MAb 33.6) MAb and NM-DNJ to examine the requirement for N-linked

glycosylation in more detail. BHK-21 cells were in-
fected with Arm-4, then incubated with the indicated

RESULTS inhibitor for 24 hr prior to pulse labeling for 1 hr with
[35S]methionine. Labeled cells were then chased in the

Glycosylation of the major glycoprotein of LCMV presence of drug for 4 hr and immunoprecipitated with

We have previously observed that the precursor mol- MAb 33.6 as above. In the presence of TUN there was
ecule, GP-C, was labeled heavily with 2-[ 3H]mannose, only a slight reduction of the band representing ungly-
whereas the mature GP- 1 and GP-2 glycoproteins con- cosylated GP-C and no concomitant appearance of a
tained relatively little mannose but were labeled with faster migrating band indicative of unglycosylated GP-
[3H]galactose and (3 H]fucose (Buchmeier and Old- 2. We next examined the effect of inhibition of oligosac-
stone, 1979; Buchmeaer and Parekh, 1987). These re- charide trimming on cleavage using the inhibitors CSP,
sults suggested that GP-C contained high mannose oli- NM-DNJ, DMJ, and SSN. CSP and NM-DNJ inhibit glu-
gosacchandes which were trimmed to a complex form cosidases I and II and prevent trimming of terminal glu-
prior to post-translational proteolylic cleavage to GP- 1 cose residues from the core oligosaccharide. DMJ and
and GP-2. In order to determine the extent of glycosyla- SSN inhibit mannosidases I and II, respectiwvy, and
tion of each glycoprotein, purified virus was digested prevent trimming events that occur in the Golgi (for re-
with PNGF for various intervals before separation by view see Elbein, 1987). In the presence of these trim-
SDS--PAGE and Western blotting with GP-i- or GP-2- ming inhibitors, cleavage of GP-C was observed (Fig.
specific antisera. Digestion produced a ladder of bands 3, data for SSN not shown). Quantitative estimates of
representing polypeptide chains with successively the proportion of the incorporated radioactivity in GP-C
fewer oligosaccharide side chains. By this method we and GP-2 in pulse and chase samples were made on
were able to demonstrate a total of six bands which the basis of densitometer scans of exposed films. Ta-
reacted with GP-1 antibody, indicating that Arm-4 GP- ble 1 summarizes the analysis of the experiment de-
1 contained five N-linked carbohydrates (Fig. 1A). One
of Inese bands, labeled - 1 on Fig. 1 A, was present only
momentarily after addition of PNGF and comigrated 10M Pulse chase

with the fastest migrating portion of the undigested GP- V C 0 ,s 3 80 90 120 180 270 360

1 band, suggesting that native GP-1 may actually be a do -,PC
mixture of polypeptide core chains with four and five NP-4

oligosaccharides.

Duration between synthesis and cleavage of GP-C 19 -GP-2

In order to estimate the time between synthesis and FiG. 2. Pulse chase labeling cf LCMV GP-C. BHK 21 cells v,.ere
cleavage of GP-C, replicate cultures were pulsed for 5 infected \,,ith LCMV-Arr- (rn o i 0 1). After 24 hr cultures were pulse
inim with [2ý5S]Met, then chased for inlervais of 15, 30, ibutiiu fui ;6 i1:iii winii ýS-tidibiauei 2u0 0u/g,min . GP-C adu GP--

60, 90, 120. 180, 270, or 360 min before immunopre- wereummunopreciptated using MAb 33.6 as described under Male-

cipitation with antibody to GP-2. The results of such a ian andMethods and anaiyzed on a 10% SDS-polyacryiamide gei
Cleavage of GP.C to yield GP.2 .w.as first e,:ident at 90 min in this

pulse-chase experiment are illustrated in Fig. 2. GP-C experiment. V. pulse-labeled lysate incubated with guinea pig poly-
was evident immediately after pulsing but GP-2, indica- clonal antserum to LCMV.
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Mock CON TU' CSP NM0DN 0MJ lowest temperature where GP-C acquired EH resis-
P C P C P C P C P C P C tance, and this occurred at 260. As evident in Fig. 4,

] •lE _GPC there was a small amount of GP-2 present when cells
were chased at 15', and this was likely due to cleavage

-ungiycesylaled of GP-C during the 1 -hr pulse period. The bands in-
creased markedly at 26 and 37'. During the pulse, and

I! 00 -GP 2 at both 15 and 26°, GP.C was sensitive to EH, as indi-

cated by a shift in migration relative to control lanes.
FIG. 3. GP-C is n.it cleaved when glycosylation is prevented by However, at 370, GP-C was EH resistant, indicating ad-

incubation in the piesence of TUN infected BHK cells were pulsed dition of terminal sugars. At all temperatures, GP-2 was
and chased in the presence of various inhibitors of glycosylation as resistant to [H. These results indicate that cleavage of
described under Materials and Methods. then immunoprecipitated GP-C to GP- 1 and GP-2 must occur after trimming, that

'.h MAL, 33 6 that binds to both glycosy ated and unglycosylated
GP-C and GP-2 Appeararce of GP-2 vvas indicative of cleavage of iS, in the medial or trans-Golgi or later. Although cleav-
the GP-C precursor polypeptide age had occurred at 260, a portion of GP-C was still

EH sensitive, indicating that transport past the medial
Golgi compartment was incomplete. At all tempera-

picted in Fig. 3. The scan confirmed the observation tures, some full-length GP-C acquired EH resistance,

that cleavacie failed to occur in the TUN-treated cul- suggesting that cleavage was not essential for trans-
port of GP-C to the medial Golgi.

tures. Cleavage occurred in the presence of CSP, NM-
DMJ, and DMJ, although CSP appeared to exhibit a Production of infectious virus is reduced
slight inhibitory effect on processing as indicated by in the presence of TUN
greater retention of label in GP-C in the chase samples. The results of the above experiments indicated that
Thus, while addition of N-inked oligosacchariaes is GP-C was cleaved in the medial or trans-Golgi or later,
necessary for cleavage, processing is tolerant of varia- and that in the absence of N-linked glycosylation GP-C
t:ons in the extent of trimming, was not cleaved. It seemed likely that this was because

the unglycosylated proteins were not transported to
Cleavage of GP-C occurs in the Golgi or the site of cleavage, but we could not exclude the pos-
post-Golgi compartment sibility that abnormal folding precluded recognition by

The data indicated that in the absence of glycosyla-
tion, cleavage failed to occur because the protein was TABLE 1
not transported to the site of cleavage, or perhaps be- UJA'JTiATIT'E DistRiuTo.% or LABEL eTwE-.. GP-C A-UL) GP-2 iN THE

cause the protein, although transported, was not P OFs~rorir INHIB ToRssor Gt'COSYLAT:ON
folded in a conformation appropriate for proteolysis. To Percentage o GPC
determine the intracellular location of GP-C cleavage + GPe 2 Label'
we examined the temporal relationship between cleav-
age and trimming by pulse-chase under conditions of Inhiibtor Sarnple GP C GP 2
reduced temperature which have been shown to halt
the transport of viral proteins in defined compartments Chase 40 60
of the cell (Matlin and Simons, 1983, Saraste and Kuis- TUN Pulse 100, 0
manen, 1984; Saraste et al., 1986; Balch and Keller, Chase 100 0
1986, Copeland et al., 1988). At 150, proteins exit the csP Pulse 100 0
rough endoplasmic reticulum, but are halted at a pre- Chase 75 25

NM.DNJ Pijise 100 0
Go'gi cmpartment. At 200 proteins reach the trans- chse 50 0

Chase 50 50
Golgi, as determined by the transition to complex car- DMJ Pulse 99 1
bohydrate, but are not transported to the cell surface. Chase 25 75
Infected cells were pulsed for 1 hr at 370, then chased Di-tribUtionof abel inGPc and GP2 wasestimated byquantita
at 15, 20, and 370 for 4 hr. Lysates were then imrnuno- i've densiicmetr of to autoradiographic exposures of the gei
precipitated with MAb 33.6 to determine whether shcwriinFg 3 TotaiareauunderGP-C + GP-2barndswasnormaii7ed
cleavage had taken piace. There was no evidence for to lou', Percentage distributon of exposure under each peak is
cleavage at either 15 or 200 (Table 2). At both tempera- shown
lures uncleaved GP-C remained EH sensitive, Indicat- ý Pulse label wias for 1 hr win 13'Slmethionine (60 pC,/mi) in Me!

free medium
Inqg 'hat GP-C did not reach the medial Golgi. To define ý Chase was for 4 hr in the presence of a 0-fold excess of unia
the location more pecisely, we repeated the experi- beled methio•ine
ments chasing at 15, 26 and 370 in order to find the - Preseit as unglycosyiated GP.C
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TABLE 2

OUANTITATI'E DISTR,.-TION Cf: LABEL B[TV.EEN

G
0

-C AND GP-2 AT VARIOUS TEMPERATUJES

Percentage of

GP-C and GP-2
Label' B

Sample Temperature Endo H GP-C GP-2
S

Pulse' 370 - 100 0 1
Chase- 150 - 94 6
Chase 200 95 5
Chase 260'- 83 16
Chase 370 - 54 46
Pulse 370 + 96 4

Chase 15, 94 6
Chase 20' + 93 7
Chase 26' 4 78 22
Chase 370' + 54 46

Distribution O1 label in GP-C and GP-2 was estimated by quant'ta FIG. 5. Replication of LCMV is reduced in the presence of TUN
tlie densitometry of two autoradiographic exposures of the get BHK cells were infected with LCMV. then incubated for the duration
shown in Fig 4 Total area under GP-C + GP-2 bandswas normalized of infection with TUN. CSP. SSN. or DMSO (control). Media were
to 100% Percentage distribution of exposure under each peak is changed once after 24 hr and supernales were cojlected at 48 hr
shown Data were pooled from two experiments and assayed for infectious urus

" Pulse labeling was for 1 hr wnth 60 pC',m! (PSlSmethionne in Met-
free medium

c Chase oeriod owas 4 hr at the indicated temperature with 1 0-fold

excess of [7ýSlmelhionire failure to bud, we attempted to purify virus particles
from infected cultures grown in TUN. We were unable

the approprtate protease. As another measure of the to band virus in renograffin gradients prepared from su-

effect of glycosylatton inhibitors on transport, we as- pernatants of TUN-treated cultures. We also examined

sayed the production of infectious virus grown in the virus budding by electron microscopy and found that

presence of TUN, SSN, or CSP. Supernates from in- budding was inhibited in the presence of TLIN, sug-

fected BHK-2 1 cells were titered 48 hr after infection. gesting that the unglycosylated viral proteins were not

Medium containing the drugs was changed once at 24 reaching the surface of the cell (Fig. 6). This result was

hr, so the data represent virus released in the last 24 confimed by immunofluorescence staining of viral pro-

hr of infection. Only TUN significantly reduced the teins on the surfaces of infected BHK cells. We used a

amount of virus produced (Fig. 5). MAb against GP-1 which stained control virus-infected
cells and also reacted with unglycosylated glycopro-

TUN prevents transport of LCMV glycoproteins teins in permeabilized cells treated with TUN. This MAb
To determine whether the reduction in infectivity was failed to detect any viral protein on the surfaces of TUN-

due to the production of noninfectious particles, or a treated cells (Fig. 7). Viral glycoproteins were evident at
the surfaces of infected cells treated with the trimming

EH inhibitors CSP and SSN in agreement with infectivity
V - C M P C t c data. Thus we concluded from these studies thattrans-

.. 5 2 ' Y ,- 5' 26 1,
port of the unglycosylated pioteins to the cell surface

IM -6Pt was blocked.

a DISCUSSION

Results presented in this paper address basic as-

ri,. 4. C:t •.• -C.Gue vi " ,-c-u;,' uu,,u , I .i I pects of glycosy;atior and prittoeuytki, cleavage of thhe
mernt ofected BHK cells were po ,ed or t hr at 37'. then chased for LCMV glycoprotein precursor, GP-C. and how these
4 hr a? the sDecified temperatures before irmmunoprecipitat*ion vith processes affect transport of viral proteins within the
MAb b:n'd~ng G

0
-C arid OP-2 Half of each samp'e w,,as treated witHhM.A ý:ndnqGD- ad 6-2Hal o eah arn~p ý.ýa tratd Ath infected cell. We have shown that the mature structural

E H alter immunoprecipitation as described under Materials and
Methods The c-ther half was ',culated in EH buffer ,.ithout enzyme glycoproteins. GP-1 and GP-2, of the Arm-4 strain of
fort ne same time heftre SDS PAGE LCMV bepr five and two N-linked complex carbohy-
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4-A

PIG. 6. BLPdOIoct of LCMtV I; inhibited .n the pr-esence o TUN. konoi.3yers of BH'( cells .ere in ected vvith L CN IV and gro.n for 24 hr in the
p-esence of TuN or OM)N~SO icoritrol bef ore tixaticin anid examination by EM1 No wi -i~s ý%ere e~ident budding from iLunicamnycin-treated cells
,panels A and B1, .iriie numerous budding wirionls .%ere seen, in control cu'lures (p rieis C and 0). Magnified 30.OOOX.

drates, respectively. In previous studies we have rides. Transition from high mannose carbohydrate to
shown that radiolabeled mannose and glucosamine complex carbohydrate, measured by loss of sensitivity
i,%ere preferentially incorporated into GP-C. while the to EH and acquisition of terminal sugars, occurs in the
GP-1 and CR-2 cleavage products were labeled with rmedial Golgi (Balch and Keller. 1986). The results of our
giucosarnine, galactose, and fucose but coritaitied lit pulse -chase experiments suggest that cleavage oc-
tie residual mannose, suggesting that GP-C was a high curs approximate!y 75-90 min after synthesis and after
mannose precursor (Buchmeier and Oldstone, 1979; transport to the medial Golgi. These conclusions were
Buchmeier and Parekh, 1987). When the role of glyco. strengthened in temperature block pulse--chase exper-
sylation in post-translational events was examined, we iments. When infected cells were incubated at temper-
found that appropriate folding of the glycoprotein, indi- atures known to halt protein transport at defined corn-
cated using MAb which bind to conformational epi- partments within the cell, we never observed EH sensi-
topes, failed to occur without glycosylation (Wright et tivity in the cleavcd GSP-2 molecule, indicating that
al., 1989). In the present study, we have demonstrated transition to complex carbohydrates occurred before
that cleavage and transport of GP-O also failed to occur cleavage. Moreover, by temperature block experi-
wihen glycosylation was blocked by TON. ments wve localized the site of cleavage to the Golgi

To determine how prevention of glycosylation apparatus. In cells pulsed and then chased at 200, no
affected cleavage, we needed to establish the tempo- cleavage of GP-C was observed. When the chase was
-3l 3cqLuCoc Of c!:goCnC,-ChardC !r!MMin- 3rtd proteC- peormed--r 9t 260, a9 tornporat i~re vvhirh h~iltq tr~nqnnrt
lytic cleavage of GP-C. As noted. GP-1 and GP-2 bear in the medial/trans-Golgi, we observed cleavage sim-
complex carbohydrates. but CR-C contains predomi- ilar to that Seen in cells chased at 37'. The reported
nantly marinose-rich core sugars A quantitatively mi- sites ot cleavdge of premusor glycoproteins of other
nor fraction of CR-C does however contain fucose and enveloped RNA viruses vary. In this respect. LCMV re-
galactose, indicative of mature N-linked oligosaccha- sembles most closely the pa ramyxovi ruses, where the
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GP-C. Either the unglycosylated GP-C polypeptide
chain aggregates in the RER and does not reach the
site of cleavage or cleavage is dependent on a confor-
mation which is not expressed in the unglycosylated
molecule. Our results indicate that under conditions of
TUN block, unglycosylated, uncleaved GP-C does not
reach the cell surface. Prevention of GP-C transport is
reflected by both lack of viral glycoprotein staining at
the cell surface and a failure to produce virions by bud-
ding at the plasma membrane. Similar findings have
been reported for feline and murine leukemia virus (Po-
linoff et at., 1982; Pinter et at., 1984), Mason-Pfizer
monkey virus (Chatterjee et al., 1981), Junin virus (Pa-
dula and de Martinez Segovia, 1984), bovine herpes
virus (van Grunen-Littel-van den Hurk and Babiuk,
1985), and vesicular stomatitis virus (VSV) (Leavitt et
a/., 1977). For the latter, it was suggested that failure
of transport was due to protein aggregation in the RER
(Gibson et a/., 1978, 1979). Unglycosylated envelope
proteins of measles virus (Sato etal., 1988) and Sendai
virus (Mottet et al., 1986) also may remain in the RER.
We observed accumulation of unglycosylated GP-C
within cells in a form which was not recognized by anti-
bodies to conformational epitopes on GP-C and GP-1

(Wright et al., 1989). We attempted to demonstrate
transport of unglycosylated GP-C in cells heild at 30=,

conditions under which unglycosylated VSV G protein
is transported, but neither GP-C transport nor virion
production was observed. On the basis of the accumu-
lated evidence, it is likely that unqlycosylated GP-C ag-
gregates in the RER or pre-Golgi compartment and
thus never reaches the site of proteolysis.

To determine whether transport and cleavage were
dependent upon oligosaccharide chain structure, we
assessed cleavage in the presence of a variety of inhib-
itors of oligosaccharide trimming. For some viruses,
addition of the core oligosaccharides alone is riot ade-
quate for transport, and additional trimming of sugar
moieties is required. Specifically, prevention of trim-FIG. 7. LCMV glcoproleins are not iranspor..ed to the cell surface

,vhen glycosylatlion is blocked. 8HK cells were infected, then incu- ming of the outermost glucose moieties on the core
bated in the preserce of TUN for the duration of infection Living cells oligosaccharide (GIc 3 Man 5-9 GIcNAc 2) with eitherwvere assayed for surface expression of GP-1 using MAu 67 2. Con. CSP or DNJ inhibits transport of the envelope glycopro-trol cells expressed GP-. (A). TUN-treated ce'ls J,.J rot (B) Infected teins of murine retroviruses (Pinter et aL., 1984), murine
8HK monola',ers also incubated in TUN v'ere permeabilized with ac- hepatitis virus (Repp et al., 1985), and VSV (Schlesinger
clone, then stained to visualize intracellular GP C tCl et at., 1984), but has no effect on the transport of HA

of influenza (Romero et al., 1983; Burke et al., 1984;
Elbein et at., 1984) or of the envelope glycoprotein ofF proteins are cleaved in the trans-Golgi or the immedi- RSV (Bosch and Schwarz, 1984). The same drugs re-

ate trans-Golgi compartment (Sato el al., 1988; Ya- duced infectivity of Sindbis not by preventing transport
mada et al., 1988; Morrison et al., 1985; Nagai er al., but by preventing cleavage of the qlycoprotein precur-
1976). However, for measles virus. unlike LCMV. sor (Schlesinger et al., 1985; McDowell et al., 1987).
cleavage apparently continues at the cell surface (Ya- For LCMV, we found that addition of the core oligosac-
mada et al., 1988). charide alone without any further processing wasThere are two like!y possibihties to explain how pre- sufficient to allow transport, cleavage, and production
vention of glycosylation interferes with cleavage of of infectious particles.
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Although we can correlate the absence of cleavage BUCl-ME-F.P. M. J .WELSH. R M .DuTKO. F. J.. and OLOSIONE. M B A
with reduced infectivity in these experiments, we do (19801 The virology and immunobiology of lymphcoyic. chor~o-

not nowwheherc~eavae isnecssay fr tansort meningitis ji'us infect~on. Adv. lmmurtol 30, 275-3321.not nowwheter leavge s ncessry or tansol BuirkE. B . MATo.N, A. K.. BA-USE. E, LEGL EQ. G._ PcYQiEr'.As. N., and
to the plasma mem;.., ane. We do occasionally see PLEOGH, H. (1984) inh-bition of N iinked oligosaccharide trimming
small amounts of a glycoprotein comigrating with does not interfere with surface expression of certain integral mem-

GP-C associated with mature virions, and others have b'ane proteins EMBOI 3, 551-556.

reported a molecule the same size as GP-C on the sur- CHATTEPEE. S.. BPADOAC. J., and HUNTER. E (1981) Effect of tunia.
ruyc'n on cell fusion induced by Mason-Pfizer monkey virus. J.faces ot infected cells (van der Zeijst et al., 1 983), sug- Viro.' 38, 770-776

gesting that cleavage may not be an absolute require- CLEGG. J A C . and LLOYD. G (1983). Structural and cell-associated
ment for viral maturation. Relatively few experiments proteins of Lassa virus. 1. Gen Virol 64, 1127-1 136

have been conducted in viral systems where the need COPELAND. C. S ,ZIMMER. K-P.. WAGNER, K. R., HEALEY. 0. A_ MELi[

for cleavage has been examined in the absence of MAN, I., and HELEN-us. A. (1988). Folding. trimerization. and trans-

drgssuhas TUN or monensin that also effect trans- oort are sequential events in the biogenesis of influenza virus hem-
drugssuchaggiutinin Cell53, 197 209

port. When cleavage of a glycoprotein precursor acti- ELeEIN. A D.0(987) Inhibitors of the biosynthesis and p~ocessing of
yates fusion activity of the subunits, as is the case for N-linked oligosaccharide chains. Annu. Rev. Biocheir. 56, 497-
many enveloped RNA viruses, absence of cleavage 534

would reduce infectivity. This is true for Sendai virus ELBEIN. A 0.. I ELvER. G. TLUS1ry, A . McDOWELL. WN . and Sci-wARz.
(Schid ad Cnppi, 194, 176),mam alia infu P. T. (I984ý. The effect of deoxymannolirimycin on th-t processing
(Schid nd Ooppn, 1974 1 76),mam alia inlu- of the influenza viral g:ycoproteins. A'ch. Siochem. 5iophys. 235,

enza viruses grown in avian cells (Klenk et al., 1 975; 579-588.
Lazarow.,itz and Choppin, 197 5; Kawaoka et al., 19g84), FRANZE-FERNANOEZ. M-T. ZETINA. C., IAPALUCCi. S.. Lu:;ERo. M. A..
and HIV- 1 (McCune et a!., 1988). Heretofore, the glyco- BouiSSoo. C . LOPEz. R.. PEN. 0.. DAHELI. M.. COHEti. G N.. and
proteins of LCMV have not been associated with mem- ZAK'N. M. IA (1987) Molecular structure and early events in the

brane fusion activity. Efforts to further define the bio. replication of Tacaribe arenaw~rus S RNA. Virus Res. 7, 309-324
Giesorj. R.. LE;A..TT. R.. KORNEELD. S.. and ScHIEsiNGER. S (1978)synthetic pathways of the LCMV glycoproteins and Synthesis and infectivity of vesicular stoniatitis v,rus containing

their interaction in the virion Structure are under way. nongiycosylated G protein Cell 13,.67 1-679.
GIBSONi, P., SC.-LES-NGER. S , and KORNFELO. S. (1979) The nonglyco-

sylatedl giycoorotein ci vesicuiar stomatitis viruti is teiiptiaiuite-
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High resolution in situ hybridization to determine the cellular distribution
of lymphocytic choriomeningitis virus RNA in the tissues of persistently
infected mice: relevance to arenavirus disease and mechanisms of viral
persistence

John K. Fazakerley,'*t Peter Southern,` Floyd Bloom' and Michael J. Buchmeier'

'Deparitnent of ,Neuropharr•nacology, Research IInstitut' of Scripps Clinic, ImP5, 10666 North Torret' Pines Road,
La Jolla. California 92037 and 2Department of Microhiology, UnitversitY of Minnesota. Minneapolis,
Minnesota 55455, U.S.A.

By the application of in situ hybridization to thin testes, viral nucleic acid was detected in spermatogonia
sections of paraffin-embedded tissues we have been but not differentiating spermatocytes and therefore. in
able to determine with high resolution the cell types this tissue at least, persistence is related to the state of
containing lymphocytic choriomeningitis virus nucleic differentiation of the cell. Endocrine and exocrine
acid in the tissues of persistently infected mice. We dysfunctions have been described in persistently infect-
confirm and extend previous observations of virus ed mice and we report that the highest levels of viral
persistence in the brain, lung, liver, kidney, pancreas, nucleic acid were found in the adrenal gland. The
thyroid and reticuloendothelial system. In addition, we infection of endocrine and exocrine tissue was not
demonstrate for the first time persistence of ýiral pantropic, specific cell types expressed viral nucleic
nucleic acid in specific cell types in the thymus, lymph acid in each tissue. In the adrena1 cortex, cells of the
nodes, testes and bladder, and the adrenal. parathyroid zona reticularis and zona fasciculata but not the zona
and salivary glands; the cell types infected were glomerulosa were positive, whereas in the adrenal
observed in several animals. In lymphoid tissue, viral medulla viral nucleic acid was predominantly localized
nucleic acid was predominantly located in the T cell- to adrenalin-secreting cells. Infection of the renal
dependent areas of the spleen and lymph nodes; it was tubules, transitional epithelium of the bladder and the
also present in cells of the thymic medulla. This has ducts of the salivary gland indicates the likely sites of
important implications for the deficiency in T cell virus production for the dissemination of arenavirus
function observed in persistently infected mice. In the infections.

Introduction disease may range from subacute to fatal and results from
contamination of human food and water supplies with

Since the original isolations of lymphocytic choriomen- rodent excreta. LCMV infection of man is also an
ingitis virus (LCMV) were made from mouse brains important cause of aseptic meningitis spread by persis-
(Armstrong & Lillie, 1934, Traub, 1935), LCMV has tently infected mice, in this case Mus musculus.
been studied in many laboratories, becoming one of the Following experimental intracerebral inoculation of
best understood models of virus persistence and virus- suckling or adult mice, LCMV replicates in the meninges
induced immunopathological disease (Buchmeier et al., and choroid plexi and the animals usually die of immune-
1980W Lehmann-Grube, 1984; Oldstone et al., 1985a). mediated choriomeningitis which is dependent upon the
LCMV is an arenavirus, a family which also includes presence of virus-primed cytotoxic T lympho:ytes
Lassa, Junin and Machupo viruses, the aetiological (Byrne & Oldstone, 1984). Virus also replicates in the
agents of Lassa fever, and Argentine and Bolivian reticuloendothelial system (Lehmann-Grube, 1971), in-
haemorrhagic fevers respectively. These viruses are cluding cells of the lymph nodes (Traub & Kesting,
endemic in Africa and South America, being maintained 1964), spleen and liver (Mims, 1966. Mims & Subraha-
in various species of rodents (Petc• et al., 1987). human manyan, 1966), as well as peripheral blood lymphocytes

t Present address: Department of Pathology. Tennis Court Road. (Doyle & Oldstone, 1978).
Cambridge CB2 IQP. U.K. Mice infected with LCMV in utero or neonatally

0001-0168 5 1991 SCM



1612 J. K. Fuzakerleh and others

(Hotchin & Cinits, 1Q5 8 ), or experimentally immunosup- eight animals werc examined, brains were disided do%-n the mid-line

pressed adult animals, become persistently infected and sections were cut sagittally Tissues were processed and embedded

(Gilden et al., 1972). Persistently infected mice generally in paraffin, and 5 .tm sections cut onto polylssine-coated slides. The
technique for in stu hybrid,,ation was based on that described byhave undetectable levels of LCMV-specific 1 cells Reynolds-Kohler & Nelson (1990f. Bricflv. sections were dewaxed,

(Minis & Blanden, 1972), but remain -esponsive at the B hydrated and ticatcd sCquentilly with 02 '-H-ICI (20 min). I % Triton
cell level and produce antibody to vital antigens resulting X-1004 015 mini and 10itg ml proteinase K (15 mn. 37-C). and then

in immune complex disease (Oldstone & Dixon, 1967, Icet.lated mi 0 25°o acetic anhdridc in 0.1 M-triethanolamine. pH 8-0

Buchmeier & Oldstone, 1978). Persistently infected mice (Itt min) Sections were washed twice for 3min between each
treatment with sterile PBS. The PBS wash after proteinase K digestion

demonstrate changes in endocrine homeostasis associat- contained 022', glycine and 5 mM-EDTA to stop the reaction.
ed with infection of various tissues (Oldstone el al., Before hybridization, sections werc prehybridiied for I h at 37 'C in
1985h, Klavinskis & Oldstone, 1987a, Tishon & hybridization solution without dextran sulphate. The hybridization

Oldstone, 1987). In persistent infection, viral antigens solution consisted of tSoo deionied formamide. 5 x Denhardt's

have been detected in neurons of the central nervous solution. 10'0 dextran sulphate, 0.1'. SDS, 0-75 M-NaCl, 0025 .I-
PIPES. o 25 -4-FDTA, 5Wt)g ml sonicated salmon sperm DMAsystem (CNS) (Nathanson et al., 1975. Rodriguez et al. (boiled before addition), 250 pg/ml yeast tRNA, 20 units;ml heparin,

1983), renal tubules (Accinni et ol., 1978), thyroid pH 68. and was made fre hly before use Slides, %ere drained and 2 5 Vl

(Klavinskis & Oldstone, 198 7a), pancreas (Rodriguez et hybridiiation solution containing 2 x lo' c.p.m. idlofprobe wasadded
al.. 1985) and in T and B lymphocytes, and macrophages to each The sections wherc covcred with gel bond (FMC). hydrophobic

in the spleen, thyrnus and lymph nodes (Doyle & side dovwn, and sealed with rubber cement 1%ybridization was carried
out at 37 (C for approximately 16 h Sections were wkashed sequentially

Oldstone, 1978, Popescu et al., 1979). Most of these in SSC (I x SSC is 0-15 N-NaCI, 0015 5m-sodium citrate), 2 x SSC
studies have used immunofluorescence techniques on (three times tor 15 min each at 20 ('), 02 x SS( (twice for S min each
frozen sections to detect viral antigens, but immunocyto- at :0o C). 02 x SS" (twice for 15 mm each at 37 -0 and 0.2 x SSC

chemistry and electron microscopy have also been (once for 15 min at So ( !. Sections were air-dried and exposed to high

employed. More recently the tissue, but not the cellular resolution Crones film (DuPont) Sections were then dirped in Kodak
NTB2 emulsion, diluted 50'. with 0-66 im-ammonmum acetate. After 5distribution, of viral nucleic acid has been examined by days. slides were developed, counter-stained with haeinatoxylin and

in sinu hybridization of whole body sections (Blount ct al., cosin. and examinen b) dark and hright held microscopy

1986). The probe %%as a "S-labelled DNA molecule, produced by random

In this study, we report the results of an in situ hexanucleotide primingofa gel-purified 1164 bp BgIIl fragment of the
nucleocapsid gene of the S RNA of LCMV (Southern et al., 1987,hybridization study of the cellular distribution of viral Salvato et u/ . 19881 This probe gives maximum sensitisity because

nucleic ac ids during persistent LCMV infection. By random priming generates a size range of fragments and bothstrandsof
application of this technique to thin sections of paraffin- the probe can hybridize, either to the viral genomic RNA (negative

embedded tissue we have been able to determine cell sense) or tl~e nucleoprotein gene mRNA. The probe was used at a final

types containing viral nucleic acids at high resolution. concentration of 10' c.p.m .'ll and had a specific actisity > 10'

This technique has greater resolution than previous cýp.m..ig
The specificity of the probe was estabhlished by i,.lusion of control,

studies on frozen tissues or whole animal sections and an uninfected sections of each tissue type. In addition. sections from

advantage over immunostaining, because expression of mouse brains infected with mouse hepatitis % irus (MHV) type 4 were

specific viral proteins can be down-regulated during included in each experiment In parallel experiments in this laboratory

persistent infection (Oldstone & Buchmeier, 1982). We using :he same techniques on paraffin sections, these MHV-infected
brains gave an intense signal with an MHV-specific probe (J K.
Fazakerley et al.. unpublished results) No hbhridi7ation to control,

thymus, adrenal, parathyroid and salivary glands, and uninlected tissues or to Mu V-infected brains was observed with the

the testes, and extend the observations of previous LCNIV ,probe.
studies to cell types infected in other tissues. Toexamine ihedilferent areasof the brain, br;Ains were removed, cut

down the mid-line into two equal halves and the two hemispheres were
embedded in paraffin in opposite orientations For the braois of five
mice, sections close to the mid-line were examined and three otherNlethods bramis had several sections cut from each ol 10 representative areas,
which were examined to determine precisely the a. -as infected. In

Virui The origin and passage history of the Armstrong CA 1371 these sections. %nus distribution was tirst determined by exposure to
(clone 53B1 of LCMV have been described previously (Dutko & Crones film. the same sectins w4ere then dipped in emulsion and
Oldstone. 1983). examined microscopically

A comparison of in situ hybridization on 5 min paraffin-pro(.ssedAice. BALBc mice from the Scripps Clinic and Research Institute sections and 241 jinm cr~ostat sectionis demonstrated an co'ual level ofkr".,fing -- !o, .2n erc inuculat•.d ,,,,.,,, ,i. .. . .. Ni .... .t' .d W , ;0 1 )3i.Ir.u. oi""br . .wit'in 1 r oo birt detection of vir,.l nucleic acid in persistently infected brains. The
L(CMV wtthi 18 h of birth. paraffin-processed sections showed better morphological preservation

In situ hmhridi:ution. Neonatallh infected mice. 6 to 8 months of age. than the cr)ostat sections and allowed more detailed resolution of the
were killcd by metaphane anaesthesia and tissues were removed and signal distribution
placed in 100, neutral phosphate-buffered formalin. Tissues from five
different mice were examined, except in the case of the brain where liniunrifoainti Brain scctmon, trom paraffin-processed tissue were
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also stained with an LCMV nucleprotein-specific antibody, I-I.3
(Buchmeier et al., 1981). Sections were dewaxed, treated with 0.3%
H20, in methanol (30 min) 3nd digested with proteinase K (20 psg.ml.
37 CC, 20 min). Sections were incubated (20 'C. 30 min) in PBS with
20%0 normal goat serum (NGS) before incubation (37 'C. 2 h) in
antibody diluted 1:20 in PBS with 10, NGS. Sections were then
washed (twice for 5 min each) in PBS, incubated (37 'C, I h) with a
biotinylated, affinity-purified goat anti-mouse antibody (Tago Immun-

ologicals). rewashed in PBS (three times for 5 min each) and incubated
with ABC-peroxidase reagent (Vector Laboratories), using diamino-
benzidine tetrahydrochloride (Polysciences) as the substrate.

Results and Discussion

Central nervous sYstemn

P Previous observations on the distribution of LCMV in
the CNS derive from studies of protein expression by

f ".Iimmunofluorescence (Mims, 1966) and immunostaining
(Rodriguez et al., 1983), and in situ hybridization studies
on whole animal sections (Blount et al., 1986' Lipkin et

"". ,r al., 1989). While confirming the main observation of
these previous studies, that virus persists in neurons
scattered throughout the CNS, this report also extends
these findings by determining the neuroanatomical
distribution ol the virus, which includes intense signal in
the brachium of the superior colliculus, and by observing

% ithat long-term persistenc,' can lead to a change in virus
"4% Itropism with the infecti ,a of putative glial cells.

Eight brains and spinal cords were examined from
"mice with well established infections. Numerous cells
containing viral RNA detectable by hybridization were

.-. observed scattered throughout the brain. The majority of
these cells could be clearly identified morphologically as

AA neurons, predominantly large neurons, and were most
numerous in the thalamus, superior colliculus, inferior
colliculus, pons, dentate gyrus, brain stem and deep

"cerebellar nucleus (Fig. 1). Silver grains covered the
cytoplasm and not the nucleus as expected for an RNA
virus (Fig. 2a) and, using an antibody to the viral

.L- t nucleocapsid, only the cytoplasm was stained (Fig. 4h).
Infected neurons were often adjacent to uninfected

... neurons (Fig. 2a), which could result from the preferen-
tial infection of neurona! subpopulations, transaxonal
spread of virus or the transient nature of the infection. In

the midline Viral nucleic acid was detected by in situ hybridization and
shows black. Infected cells are found throughout the brain but are more
numerous in the midbrain and hindbrain than in the forebrain. Signal

in f]ctdIN th .',.-, is particularly apparent at all levels in the thalamus (t) and brain stem

(b) The most intense signal is in the choroid plexus (cp) and a distinct
region on the dorsal face of the thalamus (below the ,); this is probably

Fig I Im42e, from Cronex film of fi',e representatise. sagittal sections the brachium of the superior colliculus. The meninges (m) are infected

from progres•iýels lateral areas of one half of a mouse brain persistently as are cells in the olfactory bulb (o). The frontal cortex (fc), cauda~e (c).

infected hl NI(M V I he mouse was inoculated intracerebrally within hippocampus (h) and cerebellum (cb) have the least nurmber of infected
48 h of birth and sampled 6 months ,iter. The top panel is the closest to cells.
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(a)

• -4.

(hi

Fig..' (a) LCMV RNA -posit ie neurons n the thalamus detected by in
uItu h bricdization (arroed). These are large neurons %,ith prominent,
dark staining nucleoli. Signal is distributed over the cytoplasm but not
the nucleus. Note that despite inficted surrounding neurons, many
neurons remain uninfected (b) Positive meningeal cells.

Fig. 3. The strongest positi e instu signal n the brain %as obser ed on
this regard, LCMV has been shown to infect somatosta- the dorsal face of the thalamus. projecting into the ventricle. This

tin- but not cholecytokinin-producing neurons (Lipkin et structure is probably the brachium of the superior colliculus (arrowed)

al., 1988). The cortex, caudate, hippocampus and outer and is shown in light (a) and dark field (b) microscopy. In dark field
microscopy. scattered infected neurons can be seen in the undeilying

layers of the cerebellum showed less intense signal (Fig. thalamus.

I), but scattered neurons were infected in all these areas.
In the olfactory lobe the periglomerular cells, some cells
in the external plexiform layer and scattered cells in the infected cells or other pathological changes were ob-
mitral cell layer were positive (Fig. 4g). Some positive served in any of the brains, nor was any inflammatory
cells were observed in many of the white matter tracts, infiltrate evident in the persistent infections observed.
including those in the cerebellum and spinal cord. The distribution of virus in the brain was the same by

By far the strongest signal and highest percentage of inimunostaining, using a monoclonal antibody to the
positive cells observed in any area of the brain was in a viral nucleocapsid proteir.. ind in situ hybridization with
distinct region on the dorsal face of the thalamus across a probe to the nucleocapsid gene.
the 3rd ventricle from the dentate gyrus, probably the Predominantly neuronal infection, with the distribu-
brachium of the superior colliculus (Fig. I and 3). The tion described above, was observed in six of eight mice in
number of ir'-:ted cells and the intensity of the signal the present study. In the remaining two mice, numerous
over each cell were greater than observed elsewhere in positi,,e cells were found throughout both the grey and
the brain and were similar to that seen in endocrine white matter, the white matter involvement being far
tissues, such as adrenal medulla or pancreatic islets. more extensive than in the other six animals examined

In addition to the observation of signal associated with In these two animals, there was minimal involvement of
neurons and white matter celL, all eight brains demon- the cortex, thalamus, hypothalamus and basal ganglia,
strated signal over meningeal (Fig. 2b). choroid plexus and infection was principally confined to the white
(Fig. 4k) ,nd endoiihlia, ceills. These are the cell types matter of the brain stem, cerebellum and spinal cord.
known to be infected in the acute LCMV infection This distribution was observed both by in situ hybridiza-
(Walker et al., 1975). Comparison with brain sections tion and inimunostaining. Morphologically it was not
from an animal acutely infected Aith LCMV demon- possible to distinguish the cell types that were labelled in
strated a more intense signal in these cell types in acute the white matter, but the location of some of these cells in
than in persistent infection (Fig. 4a). No pyknos.s of chains of adjacent nuclei in the white matter (Fig. 4ij)
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cytoplasmic (eosin) staining was apparent in the adrenal the /f cells of the islets of Langerhans in the pancreas, the
medulla; although cells with both darker and paler infection being associated with hyperglycaemia and
staining cytoplasm were infected, a greater intensity of abnormal glucose tolerance (Oldstone et at., 1984b;
signal was generally present in darker staining cells, Rodriguez et al., 1985; Tishon & Oldstone, 1987).
presumably adrenalin-secreting cells (Fig. 6e). The levels Electron microscopy has demonstrated virions budding
of adrenal catecholamines in mice persistently infected from these cells and double antibody labelling studies
v. ith LCMV have not been investigated, have identified most of the infected cells in the islets as /

Many positive cells were also present in the adrenal cells. The present study confirms the previous distribu-
cortex, particularly in the zona reticularis and zona tion of the infection and extends these findings by
fasciculata (Fig. 6). The intensity of labelling seen in the demonstrating viral genetic material in the islet and
medulla was not present in the positive cells of the cortex acinar cells of the pancreas. The focal pattern of
and cells in the outer zona glomerulosa of the cortex infection observed in the islets could result from spread
remained predominantly uninfected (Fig. 6a, d). Strong of virus in distinct territories of interconnecting, com-
signal was seen in the connective tissue capsule. Five municating islet cells (Orci et al., 1984) via intracellular
groups of steroids are secreted by the adrenal cortex; connections.
these are progestogens, corticosteroids, mineralocorti- In the thyroid gland, strong signal was present in the
coids, androgens and oestrogens. The levels of these epithelium of the ducts. Some thyroglobulin-producing
steroids have not been measured in mice persistently epithelial cells were positive, as were supporting cells
infected with LCMV except in the case of cortisol levels, between the follicles; in both cases the infection was
which were measured in BALBWehi mice persistently focal (Fig. 7d). Viral nucleoprotein has been detected
infected with the Armstrong and WE strains of LCMV previously in thyroid epithelial cells by immunohistoche-
and found to be normal (Oldstone et al., 1984b). The mistry, and virus has been observed budding from these
uninfected zona glomerulosa produces mineralocorti- cells by electron microscopy (Klavinskis & Oldstone.
coids such as aldosterone (Tait et al., 1970). Given the 1987a). In the parathyroid glands, occasional individual
changes in the level of hormones produced by pancreatic positive cells of both major cell types, the acidophils and
islet, anterior pituitary and thyroid epithelium cells principal cells, were positive, with a greater number of
persistently infected with LCMV, it is possible that acidophils than principal cells being infected (Fig. 7e).
changes in the levels of corticosteroids, but not mineralo- In the salivary glands intense signal was present in the
corticoids, also exist in these mic,.. This awaits further ductile epithelium, and the mucus- and serum-secreting
study' tissues, and scattered foci of positive acinar cells were

In the pancreas, many of the epithelial cells lining the observed throughotut (Fig. 7c,j). Persistence of LCMV
ducts were positive. The majority of islet cells showed within other secretory tissues includes persistence within
some signal but small foci of cells were strongly positive the lachrymal gland (Blount et al., 1986) and the well
(Fig. 7a, b). These strongly positive cells were most documented infection of growth hormone-producing
numerous in the outer layers and were consistent with the cells in the anterior pituitary which results in reduced
normal distribution of/3 cells; both the Armstrong and levelsofgrowth hormone mRNA (Oldstoneetal., 1985b;
the WE strains of LCMV have been shown to persist in Valsamakis et al., 1987).

Fig. 4. Following intracerebral infection of adult mice with LCMV, virus replicates in the meninges. (a) Dark field microscopy showing
bright positive staining for viral RNA in the meninges overlying the cerebellum 2 days post-infection In persistently infected animals
Siral nucleic acid can be demonstrated in many tissues. (b, c) By dark field illumination, the infection of hepatocytes can be clearly seen
to be predominantly focal (c, arrows), suggesting cell-to-cell spread of the infection. By dark field illumination of this haematoxylin and
eosin stained section, the nuclei of the hepatocytes appear orange, the cytoplasm green and the signal white. Some of these foci of
hepatic infection are inflammatory with invading mononuclear cells (b. arrows). (d) Individual cells in all layers of the transitional
epithelium of the bladder are positive for viral nucleic acid and may be sites of infectious virus release into the urine. The lumen of the
bladder is directly below this large, swollen, positive epithelial cell (arrow). (e,f) In the testes, viral nucleic acid is found predominantly
in the spermatogonia (arrowed). These are the basal stem cells of the germinal epithelium and give rise to the innci series of
differentiating cells which are rarely positive for viral rucleic acid. (e) Dark field microscopy showing the infection confined to chains of
adjacent spermatogonia (arrows) in the basal layers of four seminiferous tubules. (/) Higher power, showing a cross-section of the
germinal epithelium Onl) the basal spermatogonia are positive (arrow). (g. h. i,j. k) Examples of cell types infected in the CNS detected
by (g, i. k) in situ hybridization, (h.j) immunostaining using an antibody to the viral nucleocapsid (g) Positive neurons (e.g. arrows) it.
the mitral cell layer of the olfactory bulb. (h) Large neurons in the thalan,.Ls. Staining is cytoplasmic (arrow). (i) Positive cells (arrowed)
in a wh ite matter tract of the spinal cord; their alignment in chains is characteristic of oligodendrocytes. (Q) Putative oligodendrocytes in
a white matter tract in the brain stem, including cells staining positive for viral antigen (arrows). (W) Positive cells (arrowed) in the
choroid plexus.
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Fig. X. Kidney, lung, bladder and muscle. (a) Infection of the cells of one proximal renal tubule (t). Infected and uninfected tubules are

found throughout the kidney. As in this instance, all the cells of any one tubule are usually positive: positive cells are not found scattered
throughout different tubules. (h) Positive tubule cells surrounding the glomerulus (g). (c) In the centre of the field, the columnar

epithelial cells ofa bronchiole (N) are positive; dark field microscopy. Other positive cells, including alveolar macrophages. are scattered

throughout the tissue. (d) Low power, dark field microscopy, cross-section of the bladder. Scattered positive cells (e.g. arrows) are

present in all layers of the transitional epithelium (see also Fig. 4d) and in the muscular bladder wall. (e) Isolated, positive cells
(arrowed) in the smooth muscle of the bladder wall. U) Striated muscle is notable for a total lack of positive cells.
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Lung, liter and kidrey spermatogonia (Huckins, 1978). Confinement of viral

In the lung the columnar epithelial cells around the nucleic acid toadistinct subgroupofcells in the germinal
bronchioles were strongly positive (Fig. 8c). The alveolar epithelium provides an example of a virus infection
lining cells were raiely positive, with the few infected related to the state of differentiation of the cell and
cells usually found in small foci; several positive alveolar suggests that transmission of infection by infected sperm
macrophages were observed, is unlikely.

Scattered foci of infected hepatocytes were observed The infection of Leydig cells, the main source of
throughout the liver, but the majority of cells remained testosthrone in the adult male mouse, in the interstitium
uninfected (Fig. 4c); necrosis and inflammation were
observed within or adjacent to some of these foci of endocrine tissue throughout the body. Only small
infection (Fig. 4b). The epithelial cells of the bile duct numbers of these cells were infected, perhaps insufficient
were labelled, as were some cells, probably Kupffer cells, to affect levels of testosterone, although this has not beenlining the sinusoids m investigated.

Hybridization signal was observed in numerous renal
tubules distributed throughout the cortex and medulla Muscle. heart, fat and bladder
and extending into ihe collecting ducts (Fig. 8a, b). Many viruses such as the alphaviruses replicate to highWithin glomeruli, signal was observed predominantly Mayvrssuhasteapviuerplcetoig
ovrthen cytoplsignasm of s poximal tubularellsnanbu titres in skeletal muscle, but this tissue was striking for itso v e r th e c y to p la sm o f p ro x im a l tu b u la r c e lls, b u t l c f i v l e e t d r n e s s e t L M n e t ooccasional mesangial cells were also labelled. As in other lack of involvement during persistent LCMV infection
tissues, vascular endothelial cells were also infected. (Fig. 8J). No viral material was observed in musclefibres, the only signal in this tissue being over endothelial
Testes cells. Occasional smooth muscle-cells of the bladder wereinfected (Fig. 8e) and very rarely signal was observed in

In the testes, the presence of viral nucleic acid was the myocardium (not shown). Possibilities for the lack of
dependent upon the differentiation state of the germinal muscle cell involvement include the absence of a virus
epithelium. The most striking feature was chains of receptor in these cells or unfavourable conditions for
strongly positive spermatogonia in the basal layers of the virus replication within the cell. In contrast, virus was
germinal epithelium in many seminiferous tubules (Fig. present in both brown and white fat, in which the
4e,.). In contrast, signal was rarely evident in spermato- majority of cells were strongly positive (not shown). All
cytes and spermatids and when observed was widely layers of the transitional epithelium of the bladder
dispersed over several infected cells at a much lower contained foci of positive cells (Fig. 8d, 4e).
intensity than that seen in spermatogonia. Strong signal
was also present over individual cells in the interstitial Pathology
areas, including capillary endothelial cells and Leydig
cells; the squamous epithelial cells of the tunica Necrosis with infiltrating inflammatory cells was appar-
albuginea were positive and occasional positive cells ent only in the liver, within or adjacent to the foci of
were seen in all layers of the ductus epididymis. infection (Fig. 4b). A few tissues, including the thyroid

In the mouse testes, spermatogenesis takes place in a and salivary glands, pancreas and lungs had accumula-
cyclic manner and 14 different stages of epithelial tionsof inflammatory cells (Fig. 7c), from whichcellsdid
development have been recognized (Ewing et al., 1980; not appear to spread into the surrounding tissue.
De Rooij, 1988). The germ cells can be divided into three Accumulations of mononuclear cells in the tissues of
groups, spermatogonia which are the stem cells (De persistently infected animals have been described pre-
Rooij, 1983; Huckins, 1971) and are found adjacent to viously atd shown to be predominantly plasma cells
the basement membrane, spermatocytes which undergo secreting virus-specific immunoglobulins (Moskophidis
meiotic divisions, and spermatids which become sperm- et al., 1987). We have extended these findings by
atozoa. Viral nucleic acid was observed in chains of showing that a few of these inflammatory cells are
spermatogonia but not in single, or only rarely in paired positive for virus.
cells. Infection of adjjtccijt peii-mtugunid i3 likely to
occur via specialized intracellular bridges that exist
between these cells (Dym & Fawcett, 1971); these
bridges are large enough to allow the passage of These results relate to several a3pects of arenavirus
organelles and would thus allow ready passage of viral infection and disease. All known arenaviruses naturally
material. Communication via these bridges is considered infect rodents which shed virus into the environment in
to he important ii, the synchronous division of the urine, faeces and saliva. Human infection is probably
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from infected urine as an aerosol or by direct contamina- virus production are followed by shutdown of virus
tion of human food stocks. Persistence of virus within replication, elimination of viral antigen and refraction to
cells of the salivary gland and its ducts, cells lining the reinfection before the cell becomes infected again; these
ureter, renal tubule cells and the transitional epithelium events are likely to be linked to the cell cycle. If this same
of the bladder indicate the likely sites of virus production phenomenon also exists in vivo, different cells of a given
and release into the saliva and urine, cell type may be at different stages in the cell cycle

Despite the infection of numerous cells throughout whereas other cell types may not exhibit all stages of the
most tissues of the body, with the exception of a few cycle. For example, some cells may remain at a stage that
hepatocytes, infected cells appeared morphologically allows continuous production of virus, whereas others
normal. The effects of LCMV infection are subtle and are at a stage that allows production of little or no
are manifest as changes in the differentiated function of infectious virus. The presence of viral nucleic acid in
specialized cells, as has been described in the pituitary cells at certain stages of spermatogonial differentiation
and thyroid glands, pancreas, immune system and and the infection of immature lymphocytes but not
neurons (Oldstone et al., 1984a). Here we have reported mature circulating lymphocytes may be examples of this.
that viral nucleic acid is also present in specific cells of Furthermore, although persistent infection is non-
the adrenal cortex and medulla, the parathyroid glands, cytopathic in most tissues, when these tissues are
the testes and, in the brain, the brachium of the superior explanted and cultured, infected dividing cells are
colliculus was strongly positive. It is likely that dysfunc- destroyed by the virus (Lehmann-Grube, 1971).
tions of homeostasis can also exist in these tissues. Strong positive in situ hybridization or immunostain-

The cell types described as positive for LCMV nucleic ing with an anti-nucleoprotein antibody may not
acid during the persistent infection were consistently necessarily indicate abundant virus production, but
positive in all mice examined and represent the cell types could result from the accumulation of viral ribonucleo-
that the virus can both infect and within which vira! protein aggregates with minimal infectious virus produc-
RNA can be replicated; LCMV clearly has the ability to tion; for example. during the persistent infection of
infect a wide range of cells. The receptor for this virus is neurons production of viral glycoprotein is reduced
as yet undetermined but must be a widely distributed (Oldstone & Buchmeier, 1982). Transfer of LCMV-
molecule, perhaps present on all cells. The absence of specific cytotoxic lymphocytes to persistently infected
infection in, for example, myocytes does not necessarily mice rapidly clears the extraneural infection, but viral
imply a lack of a virus receptor on these cells because material is cleared only slowly from the CNS (Oldstone et
infection cGald also be restricted at any point in the virus al., 1986). One possibility is that the in situ signal detected
life-cycle after attachment to a cell surface receptor. in neurons results from ribonucleoprotein compk xes,

and that the slow decay of these complexes is responsible

Nature of the persistent infection for the observed delay in clearance of viral material from
the brain. In this case, infection of neurons would be

Mice persistently infected with LCMV have a persistent predominantly unproductive and transient. Different
plasma viraemia (Hotchin, 1962), and it is not clear neurons would be continually infected froma productive
whether the detection of viral nucleic acid, proteins or source, perhaps cerebral endothelial cells, neurons that
budding virions in a cell indicates that the cell is are in a different state of activation or even the strongly
persistently infected or has just become infected. It is positive cells in the brachium of the superior colliculus.
possible that many cells are infected for a short period of Viral ribonucleocapsid complexes in infected neurons
time and then eliminate the virus and that what we are would first accumulate and then decay without viral
observing is just a snapshot in time. If it were possible to production and cell destruction.
observe the same tissue at earlier and later time points in The exact events of the persistent infection remain to
the same living animal, perhaps totally different indivi- be elucidated, and are likely to be complex and may vary
dual cells in a population would be infected. Alternative- from tissue to tissue. The absence of tissue destruction
ly, it may be that once infected, cells remain infected for represents a highly refin,'d virus-host relationship which
the life of the animal, or there may be cell types that allows both survival of the host and continual release of
remain permanently infected whereas others are infected infectious virus into the environment, but results in
only transiently. disturbance of homeostasis in immune, endocrine and

The situation may resemble that found in vitro, where exocrine tissues.
cell cultures can be persistently infected by LCMV, butindividual cells do not remain so and pass through cycles We are most grateful to Drs J. Sprent, F. Chiasari and C. Wilson ofScripps Clinic for their help and advice, and to Michelle Zandonatti for
of infection, referred to by Hotchin (1974) as cyclical excellent technical assistance. This is publication number 6514-NP

transient infection. In an individual cell, infection and from the Department of Neuropharmacology, Research Institute of
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The role of antiviral antibody in resistance to acute lymphocytic choriomeningitis virus infection has been
examined by rassive transfer of monoclonal antibodies and intracerebral challenge infection. Protection of mice
from lethal T-cell-mediated acute disease was observed following passive administration of antibodies either I
day before or up to 2 days after infection. Viral replication was suppressed in protected mice, and the cytotoxic
T-cell response to virus was also diminished. Virus was cleared from the brain and other tis.sues of protected
mice without development of lethal immunopathology, suggesting that preexisting antibody may play a
significant role in modulating potentially destructive effects of T-cell-mediated immune responses to pathogens.

Infection of mice with lymphocytic choriomeningitis virus has been presented recently supporting an auxiliary role of
(LCMV) c.mn have three outcomes: (i) a transient asympto- antibody in clearance. Cerny and colleagues (11. 12) found
matic acute infection \k hen adult inmmunocompetent mice are that clearance of LCMV in adult mice infected intravenously
infected extraneurally. 6i0) life-long persistence after infec- \%as slowed in mice depleted of B cells by treatment with
tion of neonates or immunosuppressed adult mice, or (iii) anti-mu serum from birth. Virus was eventually eliminated.
acute, fatal lymphocytic choriomeningitis which develops indicating that antibod> only played an auxiliary role in
after intracranial (i.c.) infection of" adult mice. It has been clearing the infection. In another study, viral replication in
established that in all three infections. T-cell-mediated re- spleens and livers of mice aftr intraperitoneal (i.p.) infec-
sponses are of primary importance in clearing virus, but an tion was significantly reduced when hyperimmune serum
auxiliary role for antibody has never been ruled out or was transferred before infection (33).
examined in depth. We have described B-cell epitopes on the glycoproteins of

Persistent infections occur when T-cell-mediated re- LCMV by using monoclonal antibodies (MAbs). The strain
sponses fail to develop or are selectively abrogated (13. 37). of LCMV in use in our laboratory, Armstrong 4 (Arm 4).
and transfer of virus-specific T cells can d-lear such infections possesses a minimum of four B-cell epitopes on the major
(24). Specific T lymphocytes are able to mediate a more surface glycoprotein. GP-1. and three epitopes on the second
rapid clearance of virus in transient asymptomatic infections glycoprotein, GP-2 (26). Two of the GP-1 epitopes are
(10. 20. 22, 40). and transfer of virus-specific T cells early recognized by MAbs with neutralizing activity. MAbs di-
after infection can reduce virus replication in the brains of reeled against all other epitopes on GP-1 and GP-2 are
mice infected i.e.. thus preventing the development of lethal nonneutidlizing (26). In this study. \he examine the require-
choriomeningitis 11. 2. 34). ments fo: and mechanisms of protection from challenge

Viius-specific antibodies can be demonstrated in persis- infection bý passive transfer of these MAbs.
tently infected carrier mice in the form of immune complexes
lodged in the kidney (7, 25) and free antibudy in the serum (9,
351. Some ca.-rier mice may even produce low levels of MATERIALS AND METHODS
neutralizing antibody (7), but viru- is not cleared. It is Virus. The strains of LCMV used in these experiments,
evident from these results that antibody alone is not ade- Arm-4 and Arm-5, \%ere plaque purified from a stock of
quate to eliminate virus or prevent establishment of persis- Armstrong CA-1371 (26). Working stocks of virus were
tence. Few experiments have been conducted to examine Armstred by (26t .B ok ing st a vu s of

the role of antibody in either clearing or preventing acute infection of 0.1 and harvesting the supernatants 48 h later.

infections. Neutralizing antibodies are generated only late in Virus stocks were titrated by plaque assay on Vero cell

acute infection, at a time when virus has already been minulstors wer. tious virus i ss as titrated
eliminated (21). Others have shown that animals infected monolayer% (15). Infectious virus in tissues was titrated
eimhatraina (1 Oths helicitig sownly thates afni ralszinf d similarly after brains from individual mice were homoge-
with a strain of LCMV eliciting only low titers of neutralizing nized. Purified virus was prepared as previously described

antibody were still immune to a secondary i.e. challenge (8).

with the virus (18). suggesting that neutralizing antibody titer (8 c.
did ot orrlat diecty wth potetio. Sleciveabrga- Mice. Female BAL,nBc ByJ (11-2") and C57BL.6 (11-21')

did not correlate directly with protection. Selective abroga- mice were obtained from the breeding colony at the Re-
tion of humoral responses by elimination ofT-helper cells in search Institute of Scripps Clinic. All mice were used
vivo had no effect on viral clearance in acutely infected mice between 6 and 8 weeks of age. SMiice were infected by i.e.
122)1. amd :ransfcr of ;rmmunc scrum 1. day prior to i.c. bten6ad8weso g.Mc eeifce yie,inoculation with 50N PFU of LCMV stock diluted in phos-
challenge did not prevent diseae (23). However, evidence phatc-buffered saline. This dose constituted greater than 500

501*( lethal doses for both the Arm-4 and Arm-5 virus strains.
NIAbs. The generation and characterization of murine

"Corresponding .iuthor. MAbs against LCMV are described elsewhere t6, 26).
t Precnt addres,, Dcpartment of NMicrobiology. School of Mcd- ELISA and Western immunoblotting. An enzyme-linked

icine. L:niersit% of Ottava, Ottawa. Ontario. Canada KIf' HM5. immunosorbent as~sa> (ELISA) using purified lymphocytic

304)1
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TABLE. 1. Characterization of anti-LCMV MAbs 120

MAb Epitope Neutralization titer 10 16 22
MA fluid) Especcity' iSA titer (50% plaque

(ancies fluid) specificity ~reduction) so

2.11.10 GP-ID 204,000 17,700 60
258.,2 15 GP-IA 12,800 562
67.2 GP-IC 16.38A Nil" 40
1-1.3 NP 204,800 Nil 16
9-7.9 GP-2B 800 Nil 20 241 5
83.6 GP-2A 4,096 Nil

As determined previously (26). Not 4 l o_ 4 CL
Less than 50% plaqut reduction at a 1:20 dilution.

FIG. 1. Mortality following challenge in mice passively pro-
choriomeningitis virions as antigen was performed as de- tected by MAb. MAbs (indicated at the bottom) to GP-1 but not
sciibed previously (39). For Western blotting, 5 Rg of GP.2 or NP protect mice against lethal challenge v.ith LCMV. Mice
purified LCMV per lane was separated by sodium dodecyl were given a single dose of 0.2 rnl of ascites fluid and then challenged
sulfate-polyacrylamide gel electrophoresis. transferred to i.c. sith 500 PFU of LCMV Arm-4 (N) or Arm-5 (0)1 day later.
nitrocellulose, and immunoblotted with polyclonal sera. Cumulative mortality was scored for 21 days after challenge. The

Bound antibody was detected with 1
25I-protein A. number of animals is indicated at the top of each bar. MHV. mouse

In vitro cytotoxicity assay. Control effector cells were hepatitis virus.

prepared by injecting mice with 2 x 10 PFU of virus i.p. and
harvesting splenocytes at day 7. Splenocytes were harvested
from mice receiving MAh and 500 PFU i.c. at the times with either Arm-4 or Arm-5. Another group of mice received

specified for each experiment. After disruption of spleens, an MAb (258.2) directed to an epitope shared by both virus

cells were washed, cleared of erythrocytes, and counted. strains. The results of these experiments show that MAb

Cell lines used as targets in cytotoxicity assays were BALB 2.11.10 protects against challenge with Arm-4 but not Arm-5,

C1.7 (H-24 ) and MC57 (H-2"). Mock-infected cells or cells while MAb 258.2 protects against challenge with either virus
infected 2 days previously with LCMV at a multiplicity of (Fig. 1); MAb directed against NP had no protective effect.

infection of 1.0 were incubated for 1 h with 100 iCi of "Cr We wished to determine whether protection was depen-
and washed three times; 5 x 10W cells were plated per well. dent on the presence of MAb at the time of infection or
Effector cells were added to give a final volume of 200 •l: whether antibody transferred after infection could also me-

effector/target ratios were 50:1, 25:1, 12.5:1, and 6.2:1. All diate protection. The data in Table 2 indicate that transfer of

samples were run in tripiicate wells. Maximum release was MAb as late as 2 days postinfection (p.i.) significantly

calculated in wells with target cells and detergent; sponta- reduced mortality, but transfer at day 3 p.i. had little effect.

neous release was calculated in %vells with targets and The minimal amount of each ascites fluid that would mediate
medium only. Plates were incubated for 5 h, after which time protection was not aetermined, but in these experiments as

100 p. of supernatant was removed from each well and little as 0.2 ml of 2.11.10 was protective.

counted in a gamma counter. The percent specific release Clearance of virus in protected mice. To determine the
was calculated as (experimental - spontaiieous)/(maximum mechanism by which antibody was protective, we examined

- spontaneous) x 100. viral titers in brain tissues of infected mice in the days
following infection. On the first day, virus was detected
above threshold levels in 5 of 11 unprotected mice and in

RESULTS itone of the 10 protected mice. By day 4 and continuing on
day 6. virus replication was suppressed in the protected

Protective effect or antlviral MAbs. To determine whether ,nice. as indicated by a 1- to 3-log reduction in central
the humorIJ immune response to epitopes defined by various nervous system virus titer (Fig. 2). Surviving mice totally
MAbs had any protective role in vivo, we examined the cleared infectious virus. No infectious ",irus was detected at
ability of various MAbs to protect adult mice against lyme- day 14 or 30 p.i., nor was viral antigen detected by indirect
phocytic choriomeningitis disease induced by i.c. challenge immunofluorescence (data not shown) in the brains of sur-
with LCMV. Each antibody was titrated by ELISA and
neutralization assay prior to use (Table 1). Ascites fluid was
given i.p. the day before and the day of i.c. infection. Passivetranferof ~b t OPi bt no toOr- or o te vral TABLE 2. Protection from lethal choriomeningitis by transfer oftran.fer of MAb to GP-1 but not to GP-2 or to the viral MAb 2.11. 10 after infection
nucleoprotein (NP) protected mice (Fig. 1). Control ascites
fluid containing MAb directed against murine hepatitis virus Day of treatmen: Treatme" '7 Morality (n)
also had no effect. Mortality was reduced from over 90% in after infcction

unprotected mice to 0 to 20% in protected mice. The o" 2.11.10" 0(10)
capacity of specific MAb to protect mice against i.c. cl-al- Saline 89 (9)
Icngc with LCMV did not depcnd on in vitro neutralizing 2.11.10 0 'o0)
activity (Table 1). Saline 75 (,)

The MAb that appeared to be most efficient in its ability to 2 2.11.10 20 (5)
protect mice, 2.11.10. recognizes,, an epitope present on Saline 100 (s?

Arm-4 b:it absent on another LCMV strain, Arm-5 (26, 39). 3 2.11.10 80 0)
To further test the specificity of MAb-mediated protection, Day of infection with 500 PFU of %iru% i.c
we transferred 2.11.10 to mice and then challenged the mice '0.2 ml of ascitc, fluid injected i.p.
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FIG. 2. Virus titers in tissues of protected and unprotected mice following challenge infection. Mice were given 0.2 ml (2.11.10 anti-GP-1)
or 0.4 ml (9-7.9 anti-GP-2 and 10.7.5 anti-NP) of ascites on day -1 or day 0 and then challenged i.c. with 500 PFU of virus. Mice were sacrificed
at the indicated days, and brain virus content was determined. Results of two experiments are shown. Each point represents one determination.

viving mice at 60 and 100 days. These results suggest that when their unprotected counterparts were dying. To address
transferred antibody prevented disease by limiting the extent this issue, we examined protected mice for viremia and for
of viral replication in the central nervous system. the presence of LCMV antibodies in their sera at various

Antiviral immune responses in protected mice. Fatal lym- times after infection. No virus was detected in the sera of
phocytic choriomeningitis is the result of a T-cell-dependent
mononuclear infiltration into the brains of infected mice. In
the protected mice, either the quantity of antigen was not
adequate to attract sensitized T cells into the brain or virus
replication was so limited that thz mice did not become
immunized. The latter possibility seemed unlikely, as virus
replicated in the brains of protected mice, and such mice
underwent a crisis between days 3 and 5 p.i. when they
showed mild symptoms of disease but recovered by day 7

50 83.6

TABLE 3. CTL. induction in passively protected mice

Target cells (, "'Cr release) w
Effectnr MAb transcrrcd,

c e ll s o u i c "C 1 t 2 t r- 2"s te- 2e

LCMV mock LCMV

Expt 1
Day 7 None 85.5 0 0
Day 6 Anti-GP-83.6 30.0 0 0 7
Day 7 67.2 0 ,0.. 2.11.10 67.2
Day 6 Anli-GP-12.11.10 8.3 0 0.1
Day 7 16.9 0 0 10
11- 2 b None (4. 4

Expt 2
Dam 7 None 68.5 0 4.0
l)ay, 7 Anti-GP-83.6 52.8 1.3 0.9

4 0 8 t0 12 14

Day 7 Anti-GP-167.2 16.0 1.2 0
Days after infection

Day 9 67.: !6.9 0 0.1 11G. 3. Attenuated CIL responses in antibody-protected mice.
Day 11 67.2 12.8 3.0 0 CTL activity in the splenocyte population was determined at an
Day 14 67.2 3.1 0.9 0 effector'target ratio of 40:1 for protected mice (2.11.10 and 67.5) and
H-?" None 66.2 unprotected mice (83.6). Note that unprotected mice rapidly devel-

"Splenocyte, taken no the indicated day after infecton (BALBI. Byj mice: oped high levels of CTL activity, while protected mice made
11-2-). Effector target ratio is 50:1. relatively poor responses. Unprotected mice typical!y died by days

' The indcated MAb (0.2 rol. was rnjectcd i.p. 1 day prior to infection. 7 to 8; hence, activity could not be followed further.
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FIG. 4. Immtlnopathoilogy in the brains of unprotected (A) and protected (13) mice 6 days after i.e. challenge with 500 PFU of' ICMV
Arm-4. Mice protected with MAb 2.1l1.10 showed only very mild monionuclear infiltrates in meninges and choroid pClexus, while mice receiving
it nonprotective antibodyV 19-7.9) had substantial meni~ngeal infiltrates. Stich Mice uIsuallydied by 7 days after challenge. while protected mice
survived indefinitely.

Mice ',t day 4 p.i.. but by 7 dayvs low levels were present, and 'We also examined cytotoxic T-cell (CTL) responses in the
at 30 days p.i. all surviving mice had titers or anti-L-CMV spleens of protected and unprotected animals at selected
antibody ranging from 1/800 to 1/3,200). lPssive~ly transferred times after infection. Specific antiviral cytotoxic activity
monoclonal immunoglohulin G; has been shown to persist in could be demonstrated in the spleens Of tunprotected mice
mice with a half-life or 12.7 days (32). Therefore. to distin- (given MAb 83.6) after i.e. challenge with virus. This activity
guish newly syrithesizcd antibho dy from the passively trans- peaked at days 6 to 7 p.i. and _was comparable to CTE
ferred antibody. we examinedl the specificity by Western activity in the spleens of' mice immulnized by the i.p. route
blotting. Using this method. we found that sera of protected (Table 3). Cytotoxic activity wits also generated in the
mice contained antibody specific for all of' the LCMV spleens of mice protected by MAb 2. 11. 10 or 67.2. However.
structural protein-, and hence was newly synthesized (duta CTL activity appeared slightly later. 7 to 9 days p.i.. and wits
not shown). lower than that in uinprotectedI mice. This cytotoxic activity
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tapered off between days 11 and 14 p.i. (Fig. 3). These for a virus that is cleared initially by cell-mediated re-
results suggest that absence of disease in protected mice was sponses, antiviral antibody can limit virus spread and atten-
linked to a reduced level of cytotoxic activity rather than to uate potentially destructive T-cell-mediated immune re-
a delayed response. sponses. Thus, vaccines that elicit strong humoral responses

Pathology In the brains of mice. To examine this aspect to GP-1 epitopes should be effective against infection by
further, unprotected mice. given either anti-GP-2 or anti-NP these viruses. The presence of antibody or the rapid induc-
MAb, and protected mice, given MAb 2.11.10, were sacri- tion of memory humoral responses would be generated (14).
ficed at selected times after challenge, and their brains were Antibody alone may not be adequate to completely prevent
examined histopathologically to assess choriomeningitis. replication or clear virus after infection, but it may limit the
Unprotected mice showed characteristic lesions of lympho- infection at a time when T-cell responses are not strong.
cytic choriomeningitis (38), with mononuclear infiltrates in Clearly, it is advantageous to define those B-cell epitopes on
the meninges and choroid plexus (Fig. 4A). while protected pathogens like LCMV which will elicit cooperative antibody
mice showed only mild infiltration of these tissues (Fig. 4B). and to design and present vaccines which produce the

desired responses.
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